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Changes	 in	 cis‐	 and	 trans‐regulatory	 elements	 are	 among	 the	 prime	 sources	 of	
genetic	and	phenotypical	variation	at	species	level.	The	introduction	of	cis‐	and	trans	
regulatory	 variation,	 as	 evolutionary	 processes,	 has	 played	 important	 roles	 in	
driving	evolution,	diversity	and	phenotypical	differentiation	in	humans.	Therefore,	





catalogued.	This	 catalog	 includes	genes	 that	 code	 for	proteins	 that	perform	gene	
regulatory	 activities	 such	 DNA‐depending	 transcription,	 RNA	 polymerase	 II	
transcription	 cofactor	 and	 co‐repressor	 activity,	 chromatin	 binding,	 and	
remodeling,	among	other	218	gene	ontology	terms.	Using	the	classification	of	DNA‐
binding	 GRFs	 (Wingender	 et	 al.	 2015),	 we	 were	 able	 to	 group	 1521	 GRF	 genes	









list	 of	 GRF	 candidate	 genes	 that	may	have	undergone	positive	 selection	 in	 three	
human	populations:	Utah	Residents	with	Northern	 and	Western	Ancestry	 (CEU),	
Han	Chinese	in	Beijing	(CHB),	and	Yoruba	in	Ibadan	(YRI).	We	think	this	set	gathers	
genes	 that	may	have	 contributed	 in	 shaping	 the	phenotypical	diversity	 currently	
observed	in	these	three	human	populations,	for	example	by	introducing	regulatory	
diversity	 at	population‐specific	 level.	Out	of	 the	41	DNA‐binding	GRF	 classes,	 six	
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homozygosity	EHH	(larger	 than	100	kb).	The	presence	of	 this	EHH	suggests	 that	
these	three	regions	have	undergone	positive	selection	in	CHB	population.	Out	of	the	
22	GRF	genes	located	within	these	three	KRAB‐ZNF	clusters,	seven	C2H2‐ZNF	GRF	
genes	 (ZNF695,	 ZNF646,	 ZNF668,	 ZNF167,	 ZNF35,	 ZNF502,	 and	 ZNF501)	 carry	
nonsynonymous	SNPs	that	code	nonsynonymous	SNPs	that	change	the	amino	acid	
sequence	 in	 their	 protein	 domains	 (linkers	 and	 cystine‐2	 histidine‐2	 amino‐acid	
sequence	motifs).	Six	GRF	genes	located	on	the	EHH	region	on	the	chromosome	16	
of	 CHB	have	 been	 associated	with	 obesity	 (KAT8,	ZNF646,	ZNF668,	FBXL19)	 and	






observed	between	humans	and	 its	 closely	 related	species	are	 likely	explained	by	
changes	 in	 cis‐regulatory	 elements	 (CREs),	 putative	 binding	 sites	 of	 the	
transcription	factor	GABPa	were	identified	and	investigated.	GABPa	is	GRF	protein	
member	 of	 the	 E‐twenty	 six	 DNA‐binding	 proteins	 class.	 GABPs	 control	 gene	
expression	of	many	genes	that	play	key	roles	at	cellular	level,	 for	instance,	 in	cell	
migration	and	differentiation,	cell	cycle	control	and	fate,	hormonal	regulation	and	
apoptosis.	Using	ChIP‐Seq	data	generated	 from	a	human	cell	 line	 (HEK293T),	we	
found	11,619	putative	GABPa	CREs	were	found,	of	which	224	are	putative	human‐
specific.	 To	 experimentally	 validate	 the	 transcriptional	 activity	 of	 these	 human‐
specific	 GABPa	 CREs,	 reporter	 gene	 essays	 and	 knock‐down	 experiments	 were	
performed.	Our	results	supported	the	functionality	of	these	human‐specific	GABPa	
CREs	and	suggest	that	at	 least	1,215	genes	are	primary	targets	of	GABPa.	Finally,	
further	 analyses	 of	 the	 data	 gathered	 depict	 scenarios	 that	 bring	 together	











subtle	regulatory	variation	in	key	pathways	at	physiological	 level,	 for	instance,	 in	
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Alu:		 	 	 mobile	elements	in	the	genome	
bp:		 	 	 base	pairs	
CEU:	 	 	 Utah	Residents	(CEPH)	with	Northern	and	Western		
Ancestry	
CHB:	 	 	 Han	Chinese	in	Bejing,	China	
ChIP‐Seq:		 	 Chromatin	immunoprecipitation	followed	by	sequencing	
CMS:		 	 	 Composite	of	multiple	signals	test	
CREs:			 	 cis‐regulatory	elements	
DE:		 	 	 Differentially	expressed		
DBDs:		 	 DNA‐binding	domains	
DNA:		 	 	 Deoxyribonucleic	acid	
EHH:				 	 Extended	Haplotype	Homozigosity.	
Eq:		 	 	 Equation	
eQTL:			 	 Expression	quantitative	trait	loci	
ETS:	 		 	 E‐twenty	six	transcription	factors	
EREs:			 	 Endogenous	repetitive	elements	
ERVs:			 	 Endogenous	retroviruses	




HYK:		 	 	 Hasegawa,	Kishino	and	Yano	substitution	model 
iBAQ:			 	 Intensity‐based	absolute	quantification	
IDs:		 	 	 Stable	identifiers	
Kb:		 	 	 Kilo	base	pairs	




LCT:		 	 	 Lactose	gene	




MAF:		 	 	 Minor	Allele	Frequency	
MEME:		 	 Multiple	EM	for	Motif	Elicitation		
NGS:		 	 	 Next	generation	sequencing	
PWM:			 	 Position‐specific	weight	matrix	
SINE:		 	 	 Short	Interspersed	Nuclear	Elements	
SVA:		 	 	 SINE‐VNTR‐Alu,	a	composite	hominid‐specific		
retrotransposon	family	
TFs:		 	 	 Transcription	Factors	
TSS:		 	 	 Transcription	Start	Site	
UCSC:			 	 University	of	California	Santa	Cruz	Genome	Browser	
VNTR:		 	 variable	number	tandem	repeat	






















The	 past	 fifty	 years	 have	 seen	 the	 development	 and	 application	 of	 numerous	
experimental	techniques	and	statistical	methods	to	identify	genomic	elements	that	
might	be	playing	important	roles	in	shaping	genetic	and	phenotypical	variation,	and	
diversity	 within	 species,	 species	 diversification	 and	 speciation.	 From	 a	 broad	
perspective,	these	strategies	have	been	used	to	explore	evolution	at	different	scales	
and	in	an	extensive	range	of	organisms.	Evolutionary	events	can	be	explored	into	
two	distinct	 hierarchical	 time	 frames:	 population	 genetics	 and	 species	 evolution	
(Sesink	Clee	and	Gonder	2012)	These	different	 time	scales	encompass	either	the	




a	 small	 scale,	 mainly	 integrates	 mechanisms	 that	 causes	 changes	 in	 the	 allele	
frequencies	 in	 the	gene	pool	 in	 a	period	of	 time	 that	 covers	 from	 few	 to	 several	
generations	 for	a	population	(Reznick	and	Ricklefs	2009).	The	main	mechanisms	

















	Figure	1.	Hierarchical	 relations	between	population	genetics	 and	 species	 evolution	 in	 context	of	
environmental	 influence.	 The	 lower	 level	 depicts	 organisms	 arranged	 within	 populations,	 their	
interactions	and	the	association	with	the	environment.	Left	axis	(red)	indicated	the	time	scale.	(a‐f)	
describe	 some	 of	 the	 dynamics	 governing	 the	 evolutionary	 changes.	 (a)	 Mutation	 and	 local	
adaptation.	 (b)	 Insufficient	 resources	 causing	 migration.	 (c)	 Reduction	 in	 gene	 flow	 causing	





From	 a	 population	 genetics	 perspective,	 deciphering	 the	molecular	mechanisms	
that	 underlie	 the	 evolutionary	 history	 of	 anatomically	modern	 humans	 (AMHs),	
their	current	genetic	and	phenotypic	diversity,	is	among	one	of	the	most	compelling	
challenges	 in	 contemporary	 genomic	 and	 transcriptomic	 research.	 Following	 the	
advent	 of	 genetic	 data,	 three	 major	 competing	 hypothetical	 models	 of	 modern	
human	 origins	 are	 still	 widely	 used	 to	 explain	 the	 emergence	 of	 AMHs.	
The	multiregional	model	(MRE),	as	well	known	as	polycentric	hypothesis,	the	widely	
accepted	model	of	a	recent	African	origin	(“Out	of	Africa”	hypothesis;	RAO),	both	
mainly	 based	 on	 archeological	 observations,	 and	 the	 Assimilation	 model.	 The	
Assimilation	 model	 integrates	 arguments	 of	 MRE	 and	 RAO,	 and	 adds	 new	
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perspectives	 from	 recent	 ancient	 DNA	 studies	 (Figure	 2)	 (Bräuer	 et	 al.	 1997;	
Gibbons	 2011).	 The	 MRE	 suggests	 that	 the	 AMH’s	 traits	 are	 the	 result	 of	 an	
interlinked	 and	 extensive	 social	 and	 biological	 network	 first	 established	 by	
ancestral	 species	 such	 as	Homo	 erectus	 around	 1.8	million	 years	 (Wolpoff	 et	 al.	







Africa	 models..	 Red	 arrows	 indicate	 gene	 flow	 between	 populations	 in	 the	 multiregional	 model	
Modified	 from	 Gibbons	 (Gibbons	 2011).	 (b)	 The	 illustration	 of	 the	 assimilation	 model.	 In	 this	
scenario.	Blue	arrows	indicate	gene	flow	between	AMHs,	Neandertal	and	Denisovan	in,	the	gene	flow	





with	 a	 geographic	 origin	 in	 Africa	 that	 spread	 throughout	 the	 continent	 and	
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migrated	 to	 Eurasia	 (Stringer	 and	 Andrews	 1988)	 substituting	 other	 hominin	
species	such	as	Neandertal	and	Denisovan	(Gibbons	2011;	Tryon	and	Bailey	2013).	
However,	new	genetic	evidence	suggests	that	interbreeding	was	common	between	
some	 AMH	 populations	 and	 archaic	 hominin	 species	 such	 as	 Neandertal	 and	
Denisovan	(Green	et	al.	2010;	Reich	et	al.	2010;	Kuhlwilm	et	al.	2016).	Such	evidence	
strongly	supports	the	work	of	Bräuer	et	al.	(1997),	the	leaky	replacement,	which	














variation	 has	 had	 a	 direct	 impact	 on	 the	 ability	 to	 face	 and	 survive	 different	
challenges	such	as	changes	in	climate	and	diet,	resistance	to	prevalent	pathogens,	
and	diseases	 (Vasseur	 and	Quintana‐Murci	 2013).	Accordingly,	 traits	 that	 confer	


















are	associated	with	 the	Lactose	 tolerance.	This	has	 evolved	 in	parallel	 trough	 independent	mutations	 in	 the	LCT	gene	 in	 some	European	and	African	populations.	(b)	middle	
panel.	The		C/T‐13910	mutation	where	the	persistent	T	allele	has	been	selected	in	central	Europeans	(CEU),	English	and	Scottish	(GBR)	and	other	European	populations.	(b)	right	




























Hard sweep (classical sweep) So  sweep (de novo muta on) So  sweep (Standing varia on) 
In	the	first	example,	the	Lactose	gene	(LCT)	is	associated	with	the	capacity	to	assimilate	
and	 digest	 lactose,	 which	 dissipates	 during	 the	 childhood	 in	 humans.	 However,	 for	







genome	 (Figure	 3)	 (Bersaglieri	 et	 al.	 2004).	 A	 similar	 evolutionary	 event	 has	 been	
described	for	the	Solute	Carrier	Class	45	Member	2	(SLC45A2)	gene,	which	is	associated	
with	 mediating	 melanin	 synthesis	 in	 several	 species,	 including	 humans.	 This	 gene	
carries	particular	single	nucleotide	polymorphisms	(SNPs)	that	have	been	associated	









emergence	 of	 novel	 structural	 genes	 (Britten	 and	 Davidson	 1971;	 King	 and	Wilson	
1975).	Although,	recent	evidence	suggests	that	clade	or	species‐specific	genes	might	be	




protein	 domains,	 and	 the	 appearance	 of	 new	 genes,	 among	 other	 molecular	
mechanisms,	what	have	contributed	in	the	evolution	of	species‐specific	traits.	
		 11
Studies	 of	 diversity	 by	 using	 genomics	 and	 transcriptomics	 have	 importantly	
contributed	to	the	understanding	of	the	ways	in	which	some	genomic	innovations	and	
sequence	 changes	 in	 genes	 might	 contribute	 to	 generate	 alternative	 phenotypes	
between	species.	Changes	at	genomic	level	shaping	the	mechanisms	in	which	proteins	
interact	with	DNA	or	with	other	proteins	 to	control	gene	expression	are	considered	
essential	 in	 the	 evolution	 of	 species	 heterogeneity	 and	 phenotypic	 diversity	 (Wray	
2007;	 Wittkopp	 and	 Kalay	 2012).	 Gene	 regulation	 is	 mainly	 mediated	 by	 gene	
regulatory	factors	(GRF),	a	group	of	proteins	that	directly	or	 indirectly	interact	with	

























In	 addition,	 recent	 evidence	 suggest	 that	 PRDM9	 sequences	 from	 Neandertals	 and	
Denisovan	were	 closely	 related	 to	 the	 ones	 in	 present	day	humans	 (Schwartz	 et	 al.	
2014).	 Zinc	 finger	 domains	 of	 PRDM9	 display	 ubiquitous	 signatures	 of	 positive	
selection	 on	 the	 amino	 acids	 responsible	 for	 interaction	with	 DNA	 (Schwartz	 et	 al.	
2014).		
	
Despite	 the	 understanding	 of	 the	molecular	 bases	 that	 are	 driving	 the	 evolution	 of	
human	phenotypical	differences	between	populations	and	with	other	 species	 is	 still	
inceptive,	it	is	clear	that	genetic	variation	affecting	transcriptional	machinery	may	have	
a	profound	effect	on	fine‐tuning	the	expression	of	genes	involved	in	particular	traits	we	
observe	 in	 humans	 and	 non‐human	 primate	 species.	 Therefore,	 studying	 and	
identifying	genetic	changes	that	might	be	involved	in	altering	gene	expression	by	either	
introducing	 variation	 in	 non‐coding	 DNA	 regions	 involved	 in	 regulation	 of	 the	





a	 genomic	 perspective	 still	 represents	 an	 open	 challenge	 with	 a	 vast	 repertoire	 of	














the	biological	 evidence	 that	 connects	particular	GRFs	with	 the	 evolution	of	 humans	
from	three	different	evolutionary	windows.	It	also	discusses	the	likely	consequences	
that	 evolutionary	 changes	may	 have	 introduced	 in	 humans	 from	 a	 phenotypic	 and	
medical	 perspective.	 Consequently,	we	 first	 explored	 the	 evolutionary	 changes	 that	
occurred	 during	 the	 evolution	 of	 humans	 and	 non‐human	 primates,	 secondly,	 the	
genetic	 variation	 after	 AMHs	 split	 from	 archaic	 humans,	 and	 finally	 the	 genetic	




















for	 positive	 selection,	 and	 introduce	 six	 of	 the	 larger	 classes	 of	 GRFs	 that	 show	
enrichments	 for	 genes	 exhibiting	 signatures	 of	 positive	 selection.	We	 also	 describe	
three	 regions	 harboring	 multiple	 Krüppel	 associated	 box	 domain	 zinc	 finger	 genes	
		 14
(KRAB–ZNF)	and	that	present	extensive	signatures	of	selection	that	are	larger	than	100	






The	 third	 chapter	 of	 this	 thesis	 presents	 the	 results	 obtained	 from	 integrating	 five	
different	approaches	to	identify	human‐specific	binding	sites	for	the	GRF	GA‐binding	
protein	 alpha	 subunit	 (GABPa).	 From	 an	 experimental	 perspective,	 three	 strategies	
were	 implemented:	 chromatin	 immunoprecipitation	 followed	 by	 massively	 parallel	
DNA	next	generation	sequencing	(ChIP‐Seq),	RNA	interference	(siRNA)	and	reporter	
gene	 assays.	 From	 a	 computational	 perspective,	 two	 main	 approaches	 were	 used:	
comparative	 genomics	 by	 using	 multiple	 sequence	 alignments	 and	 gene	 ontology	
analysis.	As	results,	around	6000	GABPa	binds	sites	were	identified.	Among	these,	it	
was	possible	to	pinpoint	regulatory	regions	that	are	human‐specific.	 In	addition,	we	
also	 detected	 that	 GABPa	 regulates	 the	 expression	 of	 several	 KRAB‐ZNF	 genes,	 and	
human‐specific	genes.	We	also	linked	GABPa	to	the	regulation	of	human	and	primate‐
specific	 genes	 that	 have	 been	 associated	 with	 human	 cognitive	 disorders	 and	
neuromuscular	 functions,	mitochondria	biosynthesis,	and	embryo	development.	The	


















interact	with	DNA	and	other	 co‐factors	 to	 up	 or	 down	 regulate	 the	 transcription	 of	
other	 genes	 (Ryan	 et	 al.	 1999;	 Briers	 et	 al.	 2009;	 Iyengar	 and	 Farnham	 2011;	
Wingender	et	al.	2013;	Perdomo‐Sabogal	et	al.	2014).	The	GRF	proteins	are	typically	
characterized	by	the	presence	of	one	or	more	DNA‐binding	domains	or	domains	that	













In	 humans,	 GRFs	 have	 been	 cataloged	 in	 several	 different	 ways,	 either	 using	 their	
biological	 function,	 tissue‐specific	 expression,	 or	 their	 role	 as	 DNA‐binding	 or	 co‐




ability	 to	 interact	with	 co‐factors	 and	 induce	 the	 reorganization	 of	 the	 nucleosome	
structure	and	chromatin	remodeling	(Figure	4)	(Messina	et	al.	2004;	Voss	and	Hager	





above‐mentioned	works,	 these	 independent	 studies	 have	 resulted	 in	 fragmented	 or	











representative	 seminal	works	 in	 the	 area	 of	 the	 human	GRFs	 (Messina	 et	 al.	 2004;	
Vaquerizas	et	al.	2009;	Ravasi	et	al.	2010;	Nowick	et	al.	2011;	Corsinotti	et	al.	2013;	
Tripathi	et	al.	2013;	Wingender	et	al.	2013;	Edgar	Wingender	et	al.	2015),	we	built	a	
comprehensive	 catalog	 of	 human	 GRF	 genes	 here.	 As	 resource	 for	 studying	 the	
evolution	of	GRFs	in	humans,	this	catalog	enabled	us	to	gather	information	about	the	
likely	 role	of	GRFs	 in	 the	evolutionary	history	of	humans,	 archaic	humans	and	non‐
human	primates	(Perdomo‐Sabogal	et	al.	2014).	In	addition,	it	was	a	useful	resource	
















matched	 the	 criterion	 “regulation	 of	 transcription”;	 however,	 none	 of	 them	 was	
supported	by	the	literature.	Consequently,	we	decided	to	exclude	them	from	our	final	
GRF	 gene	 list.	 Genomic	 coordinates	 and	 gene	 identifiers	 of	 all	 GRFs	 in	 this	 list	
correspond	with	 the	 information	available	 for	 the	human	reference	genome	version	






















undergoing	 different	 evolutionary	 processes	 than	 other	 C2H2	 genes.	 For	 instance,	
KRAB‐ZNF	genes	represents	more	than	60%	of	the	C2H2	genes	(Figure	6),	it	includes	
fast‐evolving	 genes,	 and	 copy	 number	 variations	 of	 these	 genes	 have	 resulted	 in	
genomic	innovations	in	humans	(Nowick	et	al.	2011;	Nowick	et	al.	2013).	In	addition,	
some	 members	 of	 this	 group	 have	 also	 been	 recently	 connected	 with	 important	
evolutionary	 mechanisms	 to	 down‐regulate	 retrotransposable	 elements	 in	 humans	









catalog,	 we	 identified	 15	 GRF	 genes	 that	 are	 uniquely	 present	 in	 humans	 (BOLA2,	
		 20
BOLA2B,	 TCEB3C,	 BAGE2,	 ZNF138,	 SCXB,	 ZNF705B,	 FOXD4,	 ZNF658B,	 FOXD4L4,	
FOXD4L5,	ZNF322P1,	SSX1,	SSX4B,	DMRTC1)	(Perdomo‐Sabogal	et	al.	2014),	meaning	
they	 have	 no	 ortholog	 in	 other	 species	 (Zhang	 et	 al.	 2010).	 Despite	 of	 being	 in	 the	
genome	of	one	or	just	few	species,	new	genes	can	provide	new	molecular	and	cellular	




system	(Figure	7).	Therefore,	 it	will	be	 interesting	 to	discern	how	 these	15	human‐
specific	GRF	have	been	integrated	into	the	pathways	regulating	functional	programs	in	













and	 SSX4B)	 (Crew	 et	 al.	 1994;	 Yawata	 et	 al.	 2011;	 Piñero	 et	 al.	 2015),	 melanomas	
(BAGE2)	 (Xie	 et	 al.	 2002),	 and	 substance‐related	disorders	 such	 as	 tobacco	use	and	
nicotine	 dependence	 (ZNF138)	 (Rose	 et	 al.	 2010).	 In	 addition,	 putative	 roles	 of	 the	









Highly expressed in ovary (DMRTC1) 
		 22
By	 comparing	 the	modern	 human	 genome	 versus	 the	 genomes	 of	 archaic	 hominin	











Table	 1.	Gene	 regulatory	 factors	with	 copy	 number	 variants	 in	 archaic	 humans.	 Genetic	 association	










substantial	 morphological	 changes.	 As	 consequence,	 AMHs	 display	 particular	








was	 possible	 to	 identify	 several	 GRF	 genes	 that	 are	 likely	 candidates	 for	 positive	















WWOX	 1	 (Sabeti et	al.	2007;	Pickrell	et	al.	2009;	Grossman	et	al.	2013)	
MYEF2,	FBN1	 2	 (Sabeti et	al.	2007;	Pickrell	et	al.	2009)	



















group,	GRFs	have	evoked	 the	 interest	 since	 they	might	be	playing	essential	 roles	 in	
determining	 species‐specific	 phenotypes.	 It	 is	 plausible	 that	 the	 appearance	 of	 new	
genetic	 changes	 occurring	 on	 GRF	 genes	 are	 a	 prime	 source	 for	 the	 molecular	
diversification	 and	divergence	 in	hominins	 and	other	non‐human	primates,	 and	 the	
effects	of	natural	selection	on	AMHs.	
	
By	 using	 several	 pre‐existing	 inventories	we	 built	 an	 updated	 list	 of	 GRF	 genes	 for	
human.	In	contrast	to	previous	works,	this	catalog	includes	genes	involved	in	different	
regulatory	 mechanisms	 such	 as	 DNA‐binding,	 co‐factors,	 histone	 and	 chromatin	
modifiers,	 among	 others.	 The	 overlapping	 strategy	 followed	 by	 batch	 coordinates	
conversion	 and	manual	 inspection	 of	 different	 databases,	 brought	 us	 to	 estimate	 in	
about	 3362	 GRF	 genes.	 Compared	with	 the	 first	 inventory	 of	 TF	 genes	 realized	 for	
humans	 by	Messina	 (2004),	 we	 additionally	 cataloged	 45	 zinc	 finger	 genes	 and	 30	
Homeobox	genes.	The	number	of	bHLH	genes	reported	in	our	catalog	is	smaller	than	
the	one	reported	in	Messina’s	study.	Nonetheless,	our	catalog	includes	the	number	of	
bHLH	 genes	 reported	 in	 the	 latest	 classification	 of	 human	 DNA‐binding	 TFs	 (109	
members)	(Wingender	et	al.	2015).	Compared	with	the	most	recent	inventory	of	human	
GRFs	“TFcheckpoint”	(Tripathi	et	al.	2013),	our	catalog	additionally	includes	287	genes.	
This	 catalog	 becomes	 the	 most	 complete	 inventory	 of	 human	 GRF.	 As	 source	 of	
information,	 this	 catalog	 is	 of	 great	 utility	 for	 exploring	 the	 roles	 of	 GRF	 in	 human	
evolution.	For	instance,	for	identifying	GRF	genes	that	might	be	involved	in	important	
regulatory	 roles	 at	 tissue‐specific	 level,	 gathering	 information	about	human‐specific	






variants	 or	 new	 regulatory	 elements	 such	 as	 transcription	 factor	 binding	 sites	 can	
strongly	affect	 the	way	phenotypes	evolve.	Out	of	 the	3362,	15	GRFs	correspond	 to	
human‐specific	 genomic	 innovations,	 while	 other	 17	 are	 Hominidae‐specific.	 Apart	
from	the	number	of	human	and	primate‐specific	genes	that	have	been	identified	so	far	
(Zhang	et	al.	2010),	over‐expression	of	younger	genes	in	testis	seems	to	be	a	constant	
(Chen	 et	 al.	 2013).	 Four	 human‐specific	 GRF	 genes	were	 found	highly	 expressed	 in	
human	 reproductive	 organs:	 testis	 (FOXD4,	 SSX1,	 SSX4B)	 and	 ovary	 (DMRTC1)	
(Wilhelm	et	al.	2014).			
	
The	 appearance	 of	 human‐specific	 genes	 as	 result	 of	 copy	 number	 expansions	 in	
humans	have	also	been	connected	with	the	modulation	of	brain	functions	(Fortna	et	al.	
2004;	Sudmant	et	al.	2010;	Geschwind	and	Konopka	2012).	Analyses	of	expression‐










with	 altered	 phenotypes	 in	 humans.	 For	 instance,	 chromosomal	 translocations	 that	
result	 in	 gene	 fusion	 between	 the	 Synaptotagmin	gene  (SYT) and members of  the 
Synovial	 Sarcoma	 X	 Breakpoint,	 genes	 SSX1	 and	 SSX4B,	 have	 been	 linked	 with	
aggressive	 cell	 sarcomas	 and	 nervous	 system	 pathologies.	 The	 gene	 B	 Melanoma	









the	 inflammation	 of	 the	 blood	 vessels.	 Another	 example	 is	 DUX4,	 a	 GRF	 highly	
expressed	in	patients	with	muscular	dystrophy	that	results	in	the	continuous	skeletal	
muscle	weakening	(Dixit	et	al.	2007).	This	suggests	that	changes	in	GRFs	may	have	also	





of	 new	 genes	may	 lead	 to	 phenotypic	 diversity	 and	 evolution.	 Newly	 evolved	 GRFs	
contributing	with	human‐specific	functions	may	have	a	broader	impact	on	pathways	
associated	 with	 important	 speciation	 traits	 in	 humans,	 for	 instance,	 with	 evolved	
reproductive,	 brain	 and	 immunological	 roles.	 Therefore,	 the	 identification	 of	 newly	
evolved	 genes	 that	 perform	 GRF	 functions	 in	 humans	 opens	 the	 possibility	 to	
experimentally	explore	 their	roles	or	effects	 in	human‐specific	regulatory	pathways.	
For	instance,	the	implementation	of	ChIP‐Seq,	gene	silencing,	gene	editing,	among	other	





population	 specific	 signatures	 in	 the	 genome	 after	 fixation	 (Wollstein	 and	 Stephan	
2015),	 for	 instance,	 selective	sweeps.	Main	characteristic	of	a	selective	sweep	 is	 the	








population	 genomic	data	have	 implemented	methods	mainly	designed	 for	detecting	









among	 others,	 can	 generate	 on	 diversity,	 thus	 disentangling	 when	 a	 signature	 of	
selection	should	be	considered	more	reliable.	Third,	overall,	regulatory	elements	seem	






influential	 adaptive	 signatures	 that	 still	 remain	uncovered	 in	 the	 genomes	of	AMHs	
populations.	 Consequently,	 we	 think	 the	 implementation	 of	 these	 methods	 for	
detection	of	selection,	followed	by	less	conservative	strategies	for	detecting	positively	




























databases,	among	others,	we	overlapped	 the	gene	 lists	 that	provided	 the	 frequently	
recommended	stable	identifiers	(IDs).	For	instance,	we	used	identifiers	such	as	official	





In	 those	cases	where	 it	was	not	possible	 to	overlap	particular	 identifiers,	mainly	
explained	by	changes	in	the	names	due	to	updates	between	versions	of	the	reference	
genome,	we	lifted	over	the	genomic	coordinates	between	assemblies.	Subsequently,	
and	 using	 customized	 perl	 scripts	 and	 bedtools	 (Quinlan	 and	 Hall	 2010),	 we	
performed	a	new	overlap	between	sets	of	coordinates.	In	those	cases	where	none	of	
the	two	previous	strategies	was	successful,	we	used	the	gene	symbols	and	genomic	





















the	 UCSC	 genome	 browser.	 This	 list	 also	 included	 information	 about	 genomic	
coordinates,	 several	 types	 of	 stable	 identifiers	 (i.e.	 Ensembl	 IDs,	 official	 gene	
symbols,	UCSC	IDs,	RefSeq,	among	others).	These	two	GO	terms	lists	allowed	us	to	
first,	overlap	identifiers	and	genomic	coordinates	between	the	singletons,	the	GO	
terms	 for	 the	whole	 set	of	human	genes	and	 the	customized	set	of	GO	 terms	we	
generated,	and	second,	cross‐validate	all	GRF	genes	versus	the	GO	customized	list.		
		 31
For	 our	 own	 investigative	 purposes,	 we	 identified	 the	 smallest	 and	 the	 biggest	
coordinates	of	all	transcripts	of	a	gene	to	define	its	whole	genomic	region.	In	those	
cases	where	some	GRFs	presented	multiple	overlapping	transcript	coordinates,	we	
used	 the	 smaller	 gene	 start	 and	 the	 biggest	 gene	 end,	 thus	 covering	 the	 whole	
genomic	region	for	each	particular	gene	(Figure	9a).	In	cases	where	the	same	gene	
had	 one	 to	 several	 non‐overlapping	 transcripts	 (Figure	 9a),	we	 decided	 to	 keep	
them	separately.		In	such	cases	we	added	an	additional	tag	at	the	end	of	the	official	
gene	symbol.	This	tag	consists	of	a	dash	(‐)	followed	by	a	capital	letter	from	(A)	to	
the	 number	 of	 non‐overlapping	 transcripts.	 We	 also	 kept	 separately	 those	 GRF	
genes	 that	 have	 multiple	 copies	 located	 on	 the	 same	 chromosome,	 but	 do	 not	
overlap	at	all	(Figure	9b).	For	instance,	we	slightly	modified	the	names	for	copies	of	
the	gene	that	encodes	for	the	BolA‐like	protein	2	from	BOLA2B	to	BOLA2B‐A	and	
BOLA2B‐B.	 Among	 other	 particularities	 of	 the	 catalog	we	 built	 here,	 there	were	




cases	 we	 slightly	 modified	 the	 names	 for	 copies	 of	 the	 gene	 from	 PPP2R3B	 to	
PPP2R3B	‐A	and	PPP2R3B‐B.	In	cases	where	alternative	gene	names	were	used	to	














to	 keep	 several	 putative	 GRFs	within	 our	 catalog,	 even	when	 they	 are	 currently	
considered	as	pseudogenes,	 lincRNAs,	or	 in	 the	worst	 case	scenario,	 they	have	a	
retired	status.	The	rationale	behind	keeping	these	genes	in	our	catalog	lays	over	the	
















































sequences	of	a	 large	number	of	 individuals	 from	multiple	AMH	populations	(The	
International	 HapMap	 Consortium	 and	 International	 HapMap	 Consortium	 2005;	









human	 genome.	 They	 are	 also	 important	 for	 understanding	 the	 evolutionary	









levels	 seem	to	prevail	 in	 the	way	phenotypical	 traits	diversify,	 in	particular,	 in	a	
short	 evolutionary	 time	 scale	 (Bornberg‐Bauer	 et	 al.	 2010;	 Jones	 et	 al.	 2012).	
Therefore,	 it	 is	expected	that	a	substantial	 fraction	of	the	genetic	and	phenotypic	







binding	 affinity,	 thus	 introducing	 a	 source	 of	 regulatory	 functional	 variation	 in	
humans	 (Barrera	 et	 al.	 2016).	 Such	 variation	 could	 result	 in	 adaptive	 source	 of	
variation	at	population	level,	but	also	in	detrimental	traits	and	risk	disease.	If	the	
advantageous	 changes	 undergo	 positive	 selection,	 it	 is	 also	 possible	 that	 these	
selective	events	have	left	footprints	in	regions	where	these	adaptive	variations	have	
occurred.	Therefore,	a	detailed	exploration	aiming	to	identify	GRFs	and	particular	






With	 the	 publication	 of	 the	 large‐scale	 study	 of	 human	 genetic	 variation	 (1000	
Genomes	 Project	 Consortium	 2012),	 humans	 are	 plausibly	 the	 best	 model	 for	
performing	genome	wide	scans	for	positive	selection.	Many	different	methods	for	
















shift	 in	the	genome	diversity,	 for	 instance,	by	altering	the	nucleotide	diversity	or	
generating	extended	haplotypes.	As	previously	mentioned	(Introduction,	figure	3),	
selective	sweeps	normally	cause	a	reduction	in	the	genetic	variation	of	the	region	
undergoing	 selection	 either	 at	 metapopulation	 (group	 of	 spatially	 separated	
populations)	 wide	 or	 population‐specific	 level.	 Although,	 the	 levels	 of	 diversity	




implemented	 for	 scanning	 and	 detecting	 such	 patterns	 of	 selection	 in	 a	 single	
		 36
population	or	in	multiple	populations	in	humans	(Sabeti	et	al.	2007;	Nielsen	et	al.	




Figure	10.	 Signatures	 of	 selection	on	 the	 genome	used	 for	detecting	positive	 selection.	 (a)	Allele	
frequency	 spectrum.	 A	 new	 mutation	 that	 improves	 fitness	 increases	 in	 frequency,	 and	
simultaneously	brings	nearby	alleles	to	high	frequency	until	the	region	reaches	fixation	(Selective	





allele	 (Vitti	 et	al.	2013).	Selective	 sweeps	causing	EHH	 look	similar	 to	a	big	city	 ‘skyline’.	After	a	
selective	 sweep	 has	 passed,	 the	 appearance	 of	 new	 mutations	 and	 the	 restoration	 of	 genetic	
recombination	gradually	return	the	diversity	to	the	population.	(c)	Composite	likelihood	methods	






correspond	 to	 extant	 allelic	 variants.	 Green	 stars	 indicate	 a	 new	 allelic	 variant	 that	 increase	 in	
frequency.	Purple,	blue	and	orange	circles	indicate	new	allelic	variants	that	are	rare.	Figure	modified	
from	(Vitti	et	al.	2013).		
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This	 method	 quantifies	 deviation	 from	 neutrality	 by	 comparing	 the	 pair‐wise	
differences	between	individuals	within	one	population.	The	Tajima’s	D	test	allowed	
the	 identification	 of	 several	 genes	 that	 have	 undergone	 selection	 in	 human	
populations,	 for	 instance,	 the	 lactose	 gene	 (Bersaglieri	 et	 al.	 2004),	 Human	
Leucocyte	Antigen	(Hughes	and	Yeager	1998)	and	the	histo‐blood	group	ABO	locus	







population,	 it	 simultaneously	 causes	 the	 appearance	 of	 long	 extended	 regions	
characterized	 for	 their	 low	variability.	These	regions	are	normally	referred	to	as	
extended	haplotypes	 (Figure	10b).	Empirical	 and	 simulated	data	has	 shown	 that	
such	regions	stay	in	strong	LD	(Sabeti	et	al.	2002;	Kim	and	Nielsen	2004;	Stephan	et	
al.	2006;	Sabeti	et	al.	2007;	Huff	et	al.	2010).	Therefore,	additional	information	about	
the	 LD	 introduces	 additional	 discriminatory	 power	 for	 identifying	 regions	
undergoing	 selection.	 LD	 based	 approaches	 have	 also	 additional	 power	 for	
detecting	 partial	 or	 incomplete	 sweeps,	 in	 which	 some	 regions	 exhibit	 new	
mutations	that	have	increased	in	frequency,	but	have	not	yet	reached	fixation	within	
one	 population	 (Pickrell	 et	 al.	 2009;	Messer	 and	 Petrov	 2013;	 Vitti	 et	 al.	 2013).	
Methods	 that	 integrate	 the	 information	 about	 the	 haplotypes	 length	 between	
populations,	for	instance,	the	widely	implemented	cross‐population	EHH	(XP‐EHH)	








positive	 selection	 by	 combining	multiple	metrics	 into	 a	 composite	 score	 (Figure	
10c).	 Under	 the	 assumptions	 that	 measuring	 selection	 by	 using	 one	 metric	 can	
result	 in	 a	 high	 number	 of	 false	 positives,	 and	 that	 selection	 affects	 extended	
regions,	a	consecutive	genomic	region	of	positive	markers	may	better	represent	a	
signature	of	positive	selection.	Under	 this	premise,	 composite	multilocus	 tests	of	










to	 XP‐EHH,	 another	 composite	 test	 that	 incorporates	 likelihood	 ratios	 and	
information	about	population	differentiation	is	the	XP‐CLR	test.	XP‐CLR	additionally	
includes	information	about	recombination	rates	from	the	reference	population;	and	
similarly	 identifies	 genomic	 regions	where	 shifts	 in	 the	 allele	 frequency	 rapidly	
occurred	(as	estimated	by	 the	extension	of	 the	 influenced	genomic	region)	 to	be	





Cockerham	 1984).	 Under	 the	 assumption	 that	 the	 selective	 prevalence	 of	 a	
particular	allele	is	affected	by	the	characteristic	environmental	conditions	in	which	
the	 individuals	 that	 carry	 it	 live	 (Vitti	 et	 al.	 2013),	 it	 is	 expected	 that	 selection	
differentially	 acts	 on	 that	 locus	 for	 different	 populations	 (Figure	 10d).	 Fst	 is	
frequently	 used	 to	 estimate	 the	 allelic	 variance	 within	 and	 between	 pairs	 of	
		 39
populations.	High	Fst	 scores	 suggest	 high	 genetic	 differentiation,	which	may	 also	
indicate	the	effects	of	directional	selection	for	a	particular	locus.		
	






results	 as	 complementary	 test	 for	 measuring	 if	 the	 candidate	 regions	 also	
experience	 strong	 genetic	 differentiation	 between	 pairs	 of	 populations.	 Since	
genetic	 variability	 is	 strongly	 affected	 by	 demographic	 processes,	 for	 instance,	
bottlenecks	 or	 population	 expansion,	 and	 by	 changes	 in	 mutation	 and	
recombination	 rates	 (Nielsen	 et	 al.	 2009),	 it	 becomes	 challenging	 to	 distinguish	
between	 evidence	 of	 selection	 and	 demography	 when	 performing	 scans	 for	
selection	genome	wide.	Considering	it	is	expected	that	demographic	events	produce	
similar	 patterns	 in	 variation	 genome	wide,	we	decided	 to	 use	Rank	 Scores	 (RS),	











As	 results,	we	 present	 a	 set	 of	 candidate	 GRF	 genes	 that	might	 have	 undergone	
positive	selection	in	particular	AMHs.	We	also	identified	several	GRF	gene	families	
that	may	have	 significantly	 contributed	 to	 the	 evolution	 and	 adaptation	of	 three	
Type Methods Reference Score tail Feature
Allele frequency spectrum CLR Nielsen et al., 2005 Upper Window (variable size)
XP‐CLR Chen et al., 2010 Upper Window (0.1 cM)






















(Wilcoxon	 rank	 test,	 p‐value	 >	 0.05),	 suggesting	 that	 GRF	 genes	 are	more	 often	
among	the	candidate	regions	for	selection	than	other	genes.	We	then	chose	set	of	
random	genes	(of	the	same	size	as	we	had	of	GRF	genes)	1000	times	and	performed	
the	 same	Wilcoxon	 rank	 test	 to	 evaluate	 how	 often	 random	 genes	 would	 show	




also	 evidenced	 enrichment	 for	 GRFs	 exhibiting	 higher	 scores	 when	 testing	 for	
genetic	differentiation	between	CEU	and	YRI	versus	CHB.	In	addition,	we	also	tested	
if	 rank	scores	 for	GRF	genes	were	enriched	among	 the	 top	5%	of	 the	rank	score	












highly	 contributes	 to	 maintaining	 genomic	 diversity	 by	 crossing‐over	 and	
independently	 assorting	new	 combinations	 of	 alleles	 in	 the	 chromosomes	 of	 the	
offspring	 that	were	not	previously	present	 in	 the	parental	generation.	Thus,	 it	 is	
expected	 that	 a	 region	 undergoing	 positive	 selection	 exhibits	 a	 reduction	 in	
recombination	 rates	 as	 results	 of	 the	 selection	 acting	 on	 it.	 Consequently,	 we	
evaluated	 if	 these	 two	measures	 significantly	 differ	 between	 GRF	 and	 non‐GRFs	
genes.	We	 did	 not	 find	 a	 significant	 difference	 between	 the	 distributions	 of	 the	
recombination	rates	between	GRF	and	non‐GRF	genes	(Kolmogorov–Smirnov	test;	
D	 =	 0.019;	 p‐value	 =	 0.18).	 In	 addition,	 despite	we	 found	 significant	 correlation	
between	 the	 gene	 length	 and	 the	 rank	 score	 (p‐value	<	2.2e‐16),	 the	 correlation	
value	is	extremely	small	(rho	=	0.009)	and	thus,	might	be	negligible.		
	
	3.2.2.	 GRF	 classes	 are	 enriched	 among	 candidate	 regions	 for	 positive	
selection	at	population‐specific	level		
Multiple	 GRF	 genes	 share	 similar	 sequence,	 structure,	 gene	 products	 and	 have	
diverged	from	a	common	ancestor.	Several	of	these	GRFs	classes,	or	some	of	their	
members,	 have	 been	 suggested	 as	 important	 candidates	 for	 driving	 species’	
diversity,	adaptation	(Parmacek	2007)	and	speciation	(Nowick	et	al.	2010;	Nowick	
et	 al.	 2013;	Perdomo‐Sabogal	 et	 al.	 2016).	We	 thus	 tested	next,	 if	 any	particular	
classes	 of	 GRFs	 are	 enriched	 among	 the	 GRF	 genes	 with	 high	 scores	 (top	 5%	
distribution	for	all	tests).	To	do	this,	we	performed	a	Fisher	Exact	test	for	all	of	the	
41	 DNA‐binding	 GRF	 classes	 cataloged	 so	 far	 (Chapter	 I)	 and	 adjusted	 the	
significance	levels	using	Bonferroni	correction.	We	found	that	40%	to	45%	of	the	








hook,	 AT‐rich	 interaction	 domain	 (ARID),	 and	 Cys2‐HisCys	 zinc	 finger	 (C2HC),	
which	have	six,	12,	and	15	members	respectively	(adjusted	p‐value	<	0.001)	(Figure	
11a).	XP‐CLR	results	also	suggest	enrichments	for	two	out	of	these	three	classes,	but	
for	particular	populations.	 For	 instance,	 the	C2HC	GRF	 class	 is	 enriched	 for	CEU	
while	ARID	is	enriched	for	CEU	and	YRI	(adjusted	p‐value	<	0.001)	(figure	11b).	We	




CXXC	zinc	 finger	 factors	 in	CEU	and	CHB	populations,	Basic	helix‐span‐helix,	and	
STAT	 domain	 factors	 in	 CEU,	 and	 C3H	 zinc	 finger,	 MADS	 box	 and	 Heteromeric	
CCAAT‐binding	 factors	 in	 YRI	 (Figure	 11a).	 Likewise,	 the	 XP‐CLR	 results	 also	
indicated	an	enrichment	for	Homeo	Domain,	Tryptophan	cluster,	High‐mobility,	and	






XP‐EHH	 scores	 (Figure	 11d)	 when	 compared	 to	 CLR	 and	 XP‐XLR	 results,	 thus	
suggesting	 that	 GRF	 genes	 from	multiple	 GRF	 classes	 are	 likely	 to	 be	 located	 in	
regions	exhibiting	EHH.	The	Forkhead/winged	helix	factors	class,	one	of	the	largest	
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al.	 2010).	 Therefore,	 the	 higher	 number	 of	 enriched	 GRF	 classes	 in	 regions	
exhibiting	 EHH	 may	 indicate	 that	 recent	 selective	 sweeps	 are	 more	 common	
between	GRF	genes.	
	
To	 complement	 these	 results,	 we	 additionally	 explored	 which	 GRF	 classes	 are	
enriched	in	the	5%	upper	tail	of	the	Fst	rank	scores	distribution.	This	may	indicate	
which	GRF	classes	are	contributing	to	high	genetic	differentiation	between	pairs	of	
populations.	 Similarly	 to	 the	 results	 obtained	with	 the	 other	 three	 tests,	 the	 Fst	
results	suggest	that	at	least	three	of	the	larger	GRF	classes	(C2H2,	Homeo	Domain	





ZNF	 zinc	 finger,	 Homeo	 domain,	 Tryptophan	 cluster,	 Fork	 head	 /	 winged	 helix	










as	 candidates	 for	 positive	 selection	 at	 population‐specific	 level	 (Supplementary	
Table	 S4,	 supplementary	 data	 file).	 We	 additionally	 checked	 if	 some	 of	 these	
putative	GRF	candidate	genes	 for	 selection	at	population‐specific	 level	were	also	





genes	 that	 are	 candidates	 between	 pairs	 of	 populations	 (Table	 4).	 None	 of	 the	
candidate	 GRF	 genes	 was	 found	 as	 candidate	 for	 positive	 selection	 in	 all	 three	
populations	for	these	six	GRF	families.	The	C2H2	and	KRAB‐ZNF	classes	exhibited	
















events	 (as	 mentioned	 in	 the	 general	 introduction)	 either	 at	 population‐specific	
Population GRF genes Total
CEU, YRI ZNF280D¢, ZFHX3♯, NCOR2*, FOXO1¥, ZNF528£, RFX8¥, PGBD1£, MEOX2♯, FOXP2¥, 
ONECUT2♯
10
CHB, YRI ZNF768£, GLI3¢, ZFAT¢, ZNF668£, ELMSAN1*, ZNF521¢ 6
CEU, CHB RFX3¥, VEZF1¢, TRERF1¢, E2F4¥, ZNF511¢, FOXA2¥, MTA1*, GLI2¢, ZNF407¢, 
SMARCC2*, ZNF844£, FOXK1¥, SALL3¢
13
YRI ETS1*, MTF1¢, ZNF592¢, PRDM2¢, SOX6≈, ZNF679£, ZNF251£, SPI1*, HIC2¢, KLF12¢, 
FOX06¥, LHX5♯, FOXJ2¥, ZNF131¢, TFDP1¥, ELK3*, ZSCAN20¢, ZNF83£, CTCFL¢, 
ZBTB25¢, ZSCAN2¢, ETV6*, ERG*, PHTF1♯, ZBTB46¢, ZBTB41¢, ZNF644¢, HKR1£, 
SOX15≈, ZNF3£, ZNF827¢, SP8¢, ZNF678£, SOX5≈, ZNF250£, SOX7≈, ZNF319¢, ZBTB40¢, 
HIVEP2¢, ZNF483£, HBP1≈, ZNF77£, PRDM15¢, HOXB1♯, SATB1♯, RFX7¥, TSHZ2♯, 
KLF17¢, PRDM4¢, IKZF2¢, ZNF70¢, ZNF181£, ZNF423¢, PBX4♯, ZNF396£, ZNF217¢, 
ELF2*, TRPS1¢, PATZ1¢, MTA3*, LMX1A♯, HOXD3♯, ZNF354A£, ZSCAN16£, ELF5*, 
PKNOX1♯, ETV4*, ZNF438¢, IRF1*, ZNF311£, HIVEP1¢, FOXN2¥, E2F2¥, ZNF532¢, 
ZNF14£, TOX3≈, ZHX2♯, HMX2♯, RREB1¢, ZFP64¢, HMG20A≈, POU3F2♯
82
CEU LHX1♯, ZNF155£, IRF3*, ZNF653¢, IKZF1¢, ZNF546£, POU2F3♯, ZNF93£, ZNF277¢, 
ZSCAN25£, RFX2¥, POU6F2♯, ZNF534£, SPDEF*, CDC5L*, ZNF252¢, ZNF341¢, MKX♯, 
ZNF224£, EVX1♯, ZNF572¢, ZEB1♯, ZNF90£, PRDM9£, ZNF284£, ZNF780B£, PRDM10¢, 
ZNF707£, ZNF740¢, ZNF76¢, MECOM¢, ZNF253£, ZNF193£, DLX3♯, GABPA*, MIER2*, 
ZNF280B¢, ZKSCAN5£, ZNF536¢, FOXM1¥, ZNF780A£, GLIS1¢, CUX2♯, ZNF649£, 
ZKSCAN4£, EGR4¢
46
CHB ZNF167£, ZNF282£, ZNF197£, RFX4¥, CRX♯, ZNF425£, NCOR1*, ZNF263£, ZNF786£, 
ZNF660£, FOXJ1¥, ZNF467£, ISX♯, ZNF124£, ZNF512B¢, HESX1♯, ZNF562£, TCF7L1≈, 
ZNF445£, ZFP161¢, CUX1♯, ZNF646£, ZBTB4¢, BBX≈, ZNF695£, ZBTB20¢, GLIS2¢, 
FOXR1¥, NKX6‐3♯, ZNF317£, EMX1♯, CASZ1¢, NOBOX♯, FOXP1¥, LHX8♯, RERE*, 




genes	have	been	reported	as	 candidates	 for	positive	 selection	 in	previous	works	
(ZFAT,	 ZBTB41,	 ZNF827,	 IKZF2,	 ZNF438,	 ZNF546,	 ZNF780B,	 ZNF780A,	 ZBTB20)	















Among	 the	candidates	 for	positive	selection	at	population	 level	 that	we	detected	
here,	and	that	have	not	been	previously	reported,	we	identified	three	GRFs	that	have	
been	associated	with	insulin/glucose	regulatory	pathways,	zinc	finger	protein	407	





rs74861823,	 rs115368653,	 rs77518676,	 rs114313623,	 rs116304324,	
rs147684864,	 rs77006793,	 rs7227263,	 rs183172085,	 rs149806516,	 rs948615,	
rs73971116,	 rs185745193,	 rs34048449,	 rs34141917).	 None	 of	 these	 missense	
mutations	 have	 an	 effect	 on	 the	 amino	 acid	 sequence	 of	 the	 protein	 domains	 of	
GRF genes Number of GRF genes Source
BBX 1 Sabeti et al. 2007
RFX3 1 Pickrell et al. 2009
ISX 1 Metspalu et al. 2011
CUX2, ETV4, FOXP1, FOXP2, IKZF2, LHX8, PHTF1, 
PKNOX1, POU2F3, ZBTB20, ZBTB41, ZFAT, ZNF438, 
ZNF546, ZNF780A, ZNF780B, ZNF827





(rs148727582,	 rs70961707)	 and	 one	 that	 is	 present	 in	 all	 three	 populations	
(rs34733279).	 Regarding	 the	 gene,	 FOXA2,	 we	 did	 not	 find	 sequence	 variation	
causing	 missense	 mutations	 that	 could	 explain	 functional	 changes	 followed	 by	
positive	 selection.	We	 further	 explored	 for	 protein	 coding	 genes	 located	 around	
FOXA2	and	that	could	be	hitchhiking	this	gene;	however,	there	is	none.	We	did	find	















Exact	 test,	 p‐value	 0.04)	 (Table	 5).	 In	 both	 cases	 YRI	was	 used	 as	 the	 reference	













3.2.4.	 KRAB‐ZNF	 gene	 clusters	 exhibit	 regions	with	 EHH	 and	 high	 genetic	
differentiation	in	CHB	















(one,	 three,	 and	 14,	 which	 are	 located	 in	 chromosomes	 one,	 three	 and	 16	
respectively)	exhibiting	uninterrupted	number	of	SNPs	with	high	ranked	scores	for	
XP‐EHH	(>1.3)	for	regions	larger	than	100	kb	(CHB	when	using	CEU	as	the	reference	






Test Populations GRF class p-value
Nonsynonymous 












SNPs in regions 
not coding 
protein domains 
CEU vs YRI C2H2 zinc finger 0.021 7 16 55 40
CHB vs YRI KRAB domain zinc finger 0.041 68 51 40 14
YRI vs CHB bHLH 0,0570 0 6 11 12
CEU vs CHB KRAB domain zinc finger 0,0490 41 34 21 1
YRI vs CHB C2H2 zinc finger 0,001 2 19 44 46














the	 same	 size	 of	 the	 EHH	 (>100	 kb)	 1000	 times,	 calculated	 the	 mean	 of	 the	
recombination	rates,	and	counted	how	often	this	values	were	smaller	that	the	mean	
of	 the	 recombination	 rates	 for	 the	 EHH	 regions.	 The	 results	 indicated	 that	 the	
recombination	 rates	 observed	 in	 the	 EEH	 found	 within	 these	 three	 KRAB‐ZNF	





gene	 VKORC1	 presented	 one	 intronic	 SNP	 (rs140525321,	 first	 intron)	 with	 the	
highest	XP‐EHH	score	(4.25)	(Figure	12c).	The	KRAB‐ZNF	cluster	14	also	seems	to	
have	a	larger	EHH	region	of	251	Kbps	(chr16:30914142‐31165239)	(Figure	12c).	
However,	 the	 haplotype	 decayed	 below	 the	 1.3	 rank	 score	 threshold	 at	 position	
chr16:	31009343	up	stream	direction	of	 the	EHH,	where	one	SNP	(rs74474326)	
located	 in	 the	 fourth	 intron	of	 the	gene	STX1B	exhibited	a	 lower	ranked	XP‐EHH	
score	(1.08)	(Figure	12c).	Further	inspection	of	the	minor	allele	frequency	(MAF)	
for	this	SNP	revealed	that	the	alternative	variant	is	fixed	for	CEU,	while	the	MAF	for	
CHB	 was	 0.11,	 while	 the	 situation	 for	 the	 MAF	 for	 the	 neighboring	 SNP	
(rs80168914)	was	the	opposite	(fixed	in	CHB	while	showing	MAF	=	0.0051	for	CEU).	
Therefore,	it	is	likely	that	this	lower	peak	was	due	to	an	artifact	introduced	by	the	
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Similarly	 to	 the	 haplotype	 decay	 found	 in	 the	 cluster	 14,	 The	KRAB‐ZNF	 cluster	
three	also	exhibits	two	EHH	regions	around	the	larger	EHH.	These	two	regions	span	
between	50	and	80	kb	(Figure	12b).	The	decay	on	the	upstream	region	of	the	larger	
EHH	 in	 the	 KRAB‐ZNF	 cluster	 three	 is	 explained	 by	 two	 SNPs	 (rs6789709	 and	
rs6441848)	occurring	on	the	gene	ZNF445,	rank	scores	1.23	and	1.26	respectively	

















79181 bp 50680 bp 
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located	on	the	human	chromosome	one.	The	extended	haplotype	region	(grey	area)	spans	around	
100	 kb	 (chr1:247142296‐247243409)	 and	 contains	 two	 GRF	 genes,	 ZNF670	 and	 ZNF695.	
Transcription	 of	 these	 two	 genes	 also	 produces	 readthrough	 or	 co‐transcribed	 genes	 (ZNF670‐
ZNF695)	 (in	 red).	 (a‐right	panel)	Rank	 score	Fst	 values	 for	 the	KRAB‐ZNF	gene	 cluster	one.	The	
majority	of	the	SNPs	showing	high	genetic	differentiation	are	located	within	the	EHH	region.		(b‐left	






this	 region.	 (c‐left	 panel).	 KRAB‐ZNF	 gene	 cluster	 14	 located	 on	 human	 chromosome	 16.	 The	




























Figure	 13.	 Hierarchical	 boosting	 simulation	 data	 for	 three	 KRAB‐ZNF	 gene	 clusters	 in	 CHB	
population.	(a)	KRAB‐ZNF	cluster	one,	which	is	located	in	human	chromosome	one.	(b)	KRAB‐ZNF	
cluster	three,	which	is	located	in	human	chromosome	three.	(c)	KRAB‐ZNF	cluster	14	from	human	
chromosome	 16.	 The	 four	 color	 tracks	 represent	 composite	 scores	 obtained	 for	 these	 regions:	
Complete	 (red),	 incomplete	 (orange),	 recent	 (blue)	 and	 ancient	 (violet)	 selective	 sweeps.	 As	
described	in	Pybus	et	al.	2015,	each	track	has	its	own	significance	threshold	(1%	false	discovery	rate	
(FDR).	The	recent/ancient	tracks	reference	an	approximate	age;	however,	precise	dating	demands	
more	 sophisticated	 computational	 approaches.	 Completeness/incompleteness	 of	 the	 selective	
sweep	is	represented	by	thresholds	tracks	on	the	figure.	Higher	threshold	corresponds	to	incomplete	











3.2.5.	 SNPs	 in	 KRAB‐ZNF	 protein	 domains	 as	 a	 source	 of	 regulatory	
diversity	




selection	 found	 for	 this	 group	 of	 genes	 suggest	 that	 these	 SNPs	may	 be	 playing	
important	roles	in	introducing	regulatory	diversity	at	AMHs.	Therefore,	we	further	






the	 KRAB‐ZNF	 genes	 (ZNF646)	 located	 in	 the	 cluster	 14	 harbor	 11	 of	 the	
nonsynonymous	 SNPs	 that	 code	 for	 amino	 acids	 from	 the	 protein	 domains.	 The	







We	 further	explored	 if	 some	of	 these	non‐synonymous	SNPs	cause	to	changes	 in	
important	residues	of	the	protein	domains,	for	instance,	residues	that	are	essential	
for	the	stability	of	the	zinc	finger	folds,	or	important	for	the	interaction	between	the	
GRF	 with	 other	 co‐factors	 (KRAB	 domains)	 (Figure	 14).	 Out	 of	 the	 14	
nonsynonymous	SNPs	 found	 for	KRAB‐ZNF	genes	 in	 the	EHH	regions	previously	
1 chr1:247.14‐247.24 13 12 6 2 ZNF670‐ZNF695, ZNF695
3 chr3:44.55‐44.74 32 25 5 1 ZNF167, ZNF35
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rs188200157	 (Isoleucine	 to	 Leucine)	 and	 rs3751856	 (Arginine	 to	 Glutamine).	
Other	nine	nonsynonymous	SNPs	(Supplementary	Table	S6)	were	located	in	regions	
that	code	for	amino	acid	residues	located	between	two	KRAB‐ZNF	zinc	fingers,	from	










green	 and	 blue	 respectively,	 bind	 to	 the	 zinc	 ion,	 thus	 providing	 stability	 of	 the	 fold.	 The	 linker	
sequences	 that	 frequently	 join	 adjacent	 fingers	 (bottom)	 are	 shown	 in	 grey.	 Four	 residues	 at	
positions	‐1,	2,	3	and	6	counted	relatively	to	the	alpha	helix	provide	sequence	specificity	(orange	























G E K 
P 















ancestral	 states	 of	 all	 nonsynonymous	 SNPs	 within	 the	 regions	 exhibiting	 EHH	
(>100	kb)	in	KRAB‐ZNF	clusters	one,	three	and	14.	All	nonsynonymous	SNPs	located	
in	 coding	 regions	 within	 the	 KRAB‐ZNF	 cluster	 14	 corresponded	 to	 nucleotide	
variants	 that	 differed	 from	 the	 ancestral	 state	 (Supplementary	 Table	 S6).	
Conversely,	 KRAB‐ZNF	 cluster	 one	 and	 three	 presented	 two	 and	 one	







and	 ZNF502),	 and	 that	 seem	 to	 be	 population	 specific	 (Figure	 12b).	 Two	 SNPs	
(rs185260708	and	rs181738022)	corresponding	to	the	fifth	zinc	finger	of	the	gene	
ZNF502,	 which	 is	 located	 in	 the	 KRAB‐ZNF	 cluster	 three,	 introduce	 non‐
synonymous	changes	that	modify	the	amino	acid	sequence	of	the	first	Histidine	to	
Leucine.	 These	 two	 SNPs	 showed	 high	 XP‐EHH	 for	 CHB	 using	 CEU	 as	 reference	
population	 (XP‐EHH	 rank	 score	 >	 1.32).	 It	 is	 likely	 that	 these	 nonsynonymous	















To	 identify	 if	 human	 and	 primate‐specific	 genes	 are	 enriched	 among	 the	 genes	
located	in	regions	with	high	scores	for	all	tests	used,	we	assigned	each	gene	to	their	
particular	 evolutionary	 branch,	 from	 those	 human‐specific	 to	 those	 present	 in	
vertebrates,	by	using	gene	branch	assignments	(Zhang	et	al.	2010).	We	were	able	to	





We	also	 found	 that	primate‐specific	GRF	genes	were	under‐represented	 for	CHB	
(XP‐CLR)	 (Fisher	 Exact	 test	 p‐values	 =	 0.01).	 This	 suggests	 that	 rather	 old	
established	 GRFs	 are	 mainly	 among	 the	 candidates	 for	 selection	 within	 AMHs.	







enriched	 among	 the	 candidate	 genomic	 regions	 for	 positive	 selection	 in	 three	
human	populations.	We	found	that	larger	groups	of	GRF	classes	such	as	C2H2	zinc	





class	 exhibited	 the	major	 number	 of	 nonsynonymous	 SNPs	 occurring	 in	 protein	





3.3.1.	 GRFs	 classes	 enriched	 among	 candidate	 regions	 for	 positive	
selection	
The	 molecular	 bases	 to	 depict	 how	 phenotypic	 differences	 between	 human	
populations	have	been	evolutionary	shaped	are	still	far	from	being	fully	understood;	
nonetheless,	variation	in	the	transcriptional	regulome	is	likely	to	play	an	essential	
role	 in	 fine‐tuning	 the	ways	 in	which	 the	current	diversity	we	observe	 in	AMH’s	
traits	 is	 expressed	 (Wray	 2007;	 Nowick	 et	 al.	 2011;	 Albert	 and	 Kruglyak	 2015;	
Barrera	et	al.	2016).	Genomic	sequences	carrying	the	information	that	codes	for	GRF	
proteins	hold,	 to	 some	extent,	 important	 clues	of	 the	recent	human	evolutionary	
adaptation	and	diversification.	For	instance,	changes	introducing	subtle	variation	in	
the	 DNA‐binding	 affinities	 could	 have	 substantial	 functional	 effect	 in	 generating	
phenotypic	 variation	 without	 being	 deleterious	 (Barrera	 et	 al.	 2016).	 Genetic	
variation,	 especially	 the	 variation	 that	 confers	 particular	 advantages	 for	 the	
individual,	 is	 expected	 to	 be	 subjected	 to	 natural	 selection	 (Gillespie	 1991).	 our	
exploration	of	genome	wide	scans	for	signatures	of	positive	selection	suggest	that	
particular	 GRF	 classes	 have	 widely	 contributed	 to	 this	 adaptive	 variation	 at	
population‐specific	 level.	 Among	 the	 whole	 set	 of	 genes	 we	 explored	 here,	 we	
identified	 that	 six	 of	 the	 larger	 GRF	 classes	 are	 enriched	 among	 the	 regions	
exhibiting	high	scores	for	tests	for	detecting	positive	selection	in	humans:	C2H2	zinc	
























absorption	 in	 adipocytes	 in	 essential	 for	 keeping	 the	 glucose	 homeostasis	 and	
insulin	 sensitivity	 in	 the	 whole	 body	 (Bogan	 2012).	 This	 metabolic	 pathway	 is	
greatly	mediated	by	the	solute	carrier	family	2,	member	4	(SLC2A4;	GLUT4)	gene.	It	
was	recently	discovered	that	ZNF407	GRF	protein	controls	 the	 transcription	and	
mRNA	 stability	 of	 SLC2A4,	 and	 that	 Knockdown	 experiments	 on	 gene	 ZNF407	
resulted	in	30–	40%	reduction	in	insulin‐stimulated	glucose	uptake	(Buchner	et	al.	
2015).	 In	 spite	 the	 biological	 roles	 of	 the	 majority	 of	 C2H2	 proteins	 are	 still	
unknown,	those	C2H2	genes	that	have	been	functionally	characterized	participate	
in	 a	 wide	 repertoire	 of	 molecular	 regulatory	 roles	 such	 as	 protein‐protein	










have	 been	 recently	 associated	with	 the	 regulation	 of	 Insulin‐sensitive	 pathways	
(Puigserver	 and	Dominy	2010;	Cheng	 et	 al.	 2016;	Yalley	 et	 al.	 2016).	These	 two	
genes	are	members	of	another	large	GRF	classes,	the	Fork	head/winged	helix,	an	
evolutionary	conserved	GRF	class	 that	gathers	genes	with	key	 functional	roles	 in	
glucose	metabolic	enzymes,	apoptotic	factors,	and	cell	cycle	regulators	in	multiple	
		 60
tissues(Ho	et	 al.	 2008).	 FOXO1	binds	 the	promoter	 region	of	 insulin‐like	 growth	
factor‐binding	protein	1	(IGFBP1)	and	glucose‐6‐phosphatase	(G6Pase)	in	response	
to	insulin	signaling	in	liver,	thus	regulating	their	expression	(Yalley	et	al.	2016).	By	
opening	 and	 remodeling	 the	 chromatin	 on	 the	 IGFBP1	 promoter	 region,	 FOXO1	








variant	 found	 is	present	 just	 in	CHB	(allele	 frequency	0.11).	 It	 is	 likely	 that	such	
missense	change	produces	a	 functional	changes	 in	 the	regulatory	mechanisms	of	
FOXO1,	 for	 instance,	 by	 decreasing	 or	 increasing	 the	 affinity	 in	 which	 FOXO1	






genes,	 we	 suggest	 that	 some	 of	 the	 nonsynonymous	 variation	 we	 observed	 in	
ZNF407	and	FOXO1	are	introducing	subtle	changes	in	the	gene	regulatory	activity	of	
these	two	genes.	We	also	think	it	is	likely	that	such	variation	may	have	differentially	
contributed	 into	 the	 regulatory	 pathways	 of	 insulin	 and	 glucose	 of	 these	 three	
human	populations,	and	thus,	into	human	adaptation.		
	
3.3.2.	 EHH	 haplotypes	 in	KRAB‐ZNF	 gene	 clusters	 suggest	 selection	 on	
specific	traits	that	swept	in	AMH	populations	
The	 occurrence	 of	 long	 extended	 regions	 exhibiting	 low	 variability	 and	




the	 occurrence	 of	 selective	 sweeps	 (Sabeti	 et	 al.	 2007;	 Vitti	 et	 al.	 2013).	 The	









sweeps,	ZNF501	 (cluster	 three)	(Grossman	et	al.	2013)	and	VKORC1	 (non‐GRF	 in	
cluster	14)	(Ross	et	al.	2010;	Patillon	et	al.	2012).	By	using	the	CMS	test,	Grossman	
et	 al.	 (2013)	 identified	 one	 high	 scoring	 candidate	 SNP	 (rs2257995)	 for	 positive	
selection	located	in	the	promoter	region	of	the	gene	ZNF501	(179	bp	from	the	start	





Despite	 that	 the	 overlap	 between	 the	 genes	 located	 in	 the	 other	 two	KRAB‐ZNF	
clusters	(one	and	three)	and	the	genes	previously	reported	in	literature	was	small,	
the	results	we	obtained	from	CLR,	XP‐CLR	and	Fst	tests	also	showed	regions	with	
higher	 rank	 scores	 (above	 the	 threshold)	within	 the	 EHH	 regions	 located	 in	 the	








out	 of	Africa	have	 influenced	 their	 genetic	 diversity	 in	many	different	ways.	 For	
instance,	 migration,	 changes	 in	 population	 size,	 bottlenecks,	 interbreeding	 with	
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archaic	 humans,	 are	 just	 a	 handful	 of	 examples	 of	 how	 demography	 could	 have	
shaped	human	 variability	 (Pybus	 et	 al.	 2015).	 It	 is	 likely	 that	 such	demographic	
events	mimic	the	signatures	that	selection	could	have	left	on	the	genome	of	different	










important	 to	 highlight	 that	 calculating	 a	 more	 precise	 dating	 requires	 more	
sophisticated	 computational	 approaches	 (Pybus	 et	 al.	 2015).	 Considering	 that	 a	
majority	of	the	nonsynonymous	SNPs	located	within	these	regions	differ	from	their	





the	KRAB‐ZNF	gene	cluster	14;	however,	 the	presence	of	one	SNP	 in	an	 intronic	
region	 of	 a	 non‐GRF	 gene	 causes	 the	 EHH	 decay.	 Detailed	 exploration	 of	 the	
surrounding	SNPs	evidenced	that	this	lower	peak	could	be	explained	by	the	way	the	
MAF	was	defined	in	one	of	the	populations.	Thus,	 it	 is	 likely	that	the	EHH	region	
from	 this	 KRAB‐ZNF	 cluster	 spans	 261	 kb	 and	 not	 only	 156	 kb	 as	 we	 initially	




most	extreme	XP‐EHH	scores,	Patillon	et	al.	 (2012)	also	suggested	 that	 the	most	
likely	targets	for	selection	in	this	region	were	the	adjacent	genes	VKORC1,	BCKDK,	








variants)	 exhibiting	higher	 scores	 in	 this	EHH	 region	 (KRAB‐ZNF	 cluster	14)	 for	
CHB.	Therefore,	it	is	plausible	that	ZNF646	has	also	introduced	regulatory	diversity	

















in	 primates	 (Nowick	 et	 al.	 2011;	 Najafabadi	 et	 al.	 2015).	 Proteins	 of	 this	 DNA‐
binding	 transcription	 factor	 class	 typically	 contain	 modular	 Cys2‐His2‐ZNF	
domains	 joined	 together	 in	 tandem	arrays	 (Huntley	et	al.	2006).	Each	C2H2	zinc	
finger	contacts	three	or	more	nucleotides.	Four	amino	acids	at	positions	‐1,	2,	3	and	










residues	 of	 KRAB	 zinc	 fingers	 within	 KRAB‐ZNF	 clusters	 exhibiting	 EHH,	 we	
detected	three	nucleotide	changes	that	may	alter	the	functionality	or	specificity	of	
the	 zinc	 fingers	 of	 two	 KRAB‐ZNF	 genes	 (ZNF501	 and	 ZNF502)	 in	 the	 Asian	
population	(CHB).	Non‐synonymous	SNPs	on	the	fifth	and	sixth	zinc	finger	of	the	
genes	ZNF502	and	ZNF501,	respectively,	change	the	Cysteine	of	the	C2H2	structure.	
Protein	 (Intensity‐based	 absolute	 quantification,	 iBAQ)	 and	 mRNA	 expression	
(Fragments	Per	Kilobase	of	 transcript	per	Million	mapped	reads,	FPKM)	data	 for	
ZNF502	 and	 ZNF501	 suggest	 that	 these	 two	 GRFs	 are	 highly	 expressed	 in	 testis	
(iBAQ	and	mRNA),	ovary	(mRNA)	and	Lymphoid/Immune	cells/system	(ZNF501)	









genes	ZNF35,	ZNF646,	ZNF695.	KRAB‐ZNF	genes,	 together	with	 the	 rest	 of	 C2H2	
genes,	 are	 rapidly	 evolving	 within	mammals	 (Tadepally	 et	 al.	 2008).	 This	 rapid	





For	 instance,	 amino	 acid	 substitutions	 in	 the	 linker	 region	have	been	previously	
found	 to	 strikingly	 affect	 DNA	 specificity	 and	 affinity	 in	 one	 GRF,	 the	 general	
















particular	 zinc	 fingers	 may	 also	 introduce	 a	 source	 of	 population‐specific	










Using	 the	most	recent	catalog	 for	GRFs,	 the	 information	 from	the	1000	genomes	
project,	 and	 data	 obtained	 for	 multiple	 tests	 for	 detecting	 positive	 selection	 in	
humans,	we	identified	a	group	of	candidate	GRF	genes	that	might	have	undergone	
positive	 selection	 in	 three	 human	 populations.	 These	 results	 present	 several	
scenarios	where	multiple	classes	of	GRFs	may	have	contributed	to	the	regulatory	













et	 al.	 2013),	 we	 extensively	 looked	 for	 candidate	 genomic	 regions	 that	 exhibit	
signatures	 of	 positive	 selection,	 and	 where	 GRFs	 are	 placed,	 for	 three	 AMHs	
populations:	 Utah	 Residents	 with	 Northern	 and	 Western	 Ancestry	 (CEU),	 Han	
Chinese	in	Bejing	(CHB),	and	Yoruba	in	Ibadan	(YRI).		
	
To	 better	 understand	 how	 natural	 selection	 may	 have	 shaped	 the	 diversity	 we	
currently	observe	for	GRF	genes	in	these	three	different	human	populations,	we	first	
analyzed	 the	 results	 obtained	 from	 four	 different	 statistical	 population	 genetics	
methods,	which	were	 initially	 implemented	by	Pybus	et	al.	 (2013).	Based	on	our	
particular	interest,	we	selected	three	tests	that	implement	different	strategies	for	
detecting	signatures	of	positive	selection	 in	human,	CLR,	XP‐CLR	and	XP‐EHH,	as	
previously	 described	 in	 the	 introductory	 section	 of	 this	 chapter.	 As	 additional	
strategy	to	complement	our	findings,	we	also	included	the	Fst	statistics;	a	test	is	of	
utility	 for	 estimating	 population	 genetic	 differentiation.	 By	 analyzing	 the	 results	























used	 the	catalog	of	GRF	(Chapter	 I),	 thus	making	possible	 to	generate	 two	set	of	
genes.	We	then	performed	a	Wilcoxon‐rank‐test	to	test	if	GRF	genes	presented	more	

















Gene	 length	 can	 influence	 the	number	of	GRF	 regions	 that	 can	be	present	 in	 the	
upper	tail	of	the	distribution.	Knowing	that	this	variation	in	length	is	important	to	
		 68
properly	 identify	 true	 biological	 signatures,	 instead	 of	 rather	 than	 length‐
dependent	 artifacts,	we	 assessed	 if	 the	 distribution	 of	 the	 gene	 lengths	 between	
GRFs	and	non‐GRFs	was	significantly	different.	If	the	distribution	of	lengths	of	GRF	
and	non‐GRF	genes	were	by	chance	 the	same,	 it	would	 imply	 that	 sampling	GRF	








For	 computing	 XP‐EHH,	 the	 initial	 step	 requires	 calculating	 EHH	 for	 each	
population.	Therefore,	for	a	bi‐allelic	SNP	with	alleles	b	and	B,	the	EHH	is	computed	
as	follows:	





















Considering	 that	 the	 (unknown)	 probability	 of	 detecting	 a	 derived	 allele	 which	
frequency	is	j	in	the	sample	be	pj,	j=1,	2,	…,	n	–	1,	assuming	independence	genome	











in	 equation	 (3),	 kj	 is	 the	 number	 of	 SNPs	with	 derived	 allele	 frequency	 j	 in	 the	















ൈ ሺ1 െ ݌ ሻ௡ି௠೔	݀݌ 	ଵ௜ଵ௜ 	
in	equation	 (4),	r	corresponds	 to	 the	 recombination	 rate:	ሼ	ݎଵ	, ݎଶ	,⋅⋅⋅, ݎ௞ሽ,	n	 is	 the	



























GRF	 proteins	 directly	 and	 indirectly	 interact	 with	 DNA	 to	 mediate	 gene	
transcriptional	control	(Iyengar	and	Farnham	2011;	Perdomo‐Sabogal	et	al.	2014).	




















By	 integrating	 the	 results	 of	 different	 experimental	 and	 computational	methods	
such	as	chromatin	immunoprecipitation	followed	by	high‐throughput	sequencing	






carries	 the	 ETS	 domain,	 while	 GABPB1	 harbors	 the	 transcriptional	 activation	
domain	(Figure	15)	(Ripperger	et	al.	2015).	Together	with	GABPB1,	GABPa	forms	a	

























suggesting	 it	 is	possible	 that	GABPa	binds	 the	 same	 core	motif	 in	many	of	 these	





Figure	 16.	 Genetic	 distances	 tree	 showing	 the	 protein	 conservation	 level	 of	 GABPa	 in	 different	
mammalian	 clades.	 The	 tree	 was	 produced	 using	 BLAST	 pairwise	 alignments.	 The	 evolutionary	




Our	 methodological	 design	 integrated	 three	 experimental	 (ChIP‐Seq,	 siRNA	 and	











assays	 in	 human	 and	 non‐humans	 primate	 cells.	 The	 regulatory	 activity	 of	 the	
ancestral	states	of	promoters	missing	the	core	consensus	sequence	of	GABPa	was	
measured	 by	 introducing	 nucleotide	 changes	 in	 human/hominid‐specific	 GABPa	
binding	 sites.	 Taken	 together	 the	 results	 from	 our	 four	 previously	 mentioned	






Figure	 17.	 Schematic	 representation	 of	 the	 multiple	 strategies	 implemented	 here	 for	 detecting	
human‐specific	 GABPa	 CREs.	 (Left)	 main	 experimental	 and	 computational	 strategies	 defined	 as	









4.2.1.	 Identification	 of	 GABPa	 binding	 sites	 by	 chromatin	
immunoprecipitation		
To	 identify	 where	 GABPa	 binds	 in	 the	 human	 genome,	 we	 performed	 ChIP‐Seq	
experiments	with	a	GABPa‐specific	antibody	in	HEK293T	cells.	The	efficiency	of	this	
antibody	was	previously	 validated	by	proving	 its	 ability	 to	detect	highly	 specific	
GABPa	peaks	(Valouev	et	al.	2008).	Our	initial	ChIP‐Seq	experiments	only	included	
one	ChIP‐Seq	experiment,	which	produced	a	set	of	6,208	putative	GABPa	ChIP‐Seq	
peaks	 (Supplementary	 Table	 S8,	 supplementary	 data	 file)	 (see	 Methods).	 This	
experiment	was	posteriorly	validated	by	using	information	from	a	second	ChIP‐Seq	
experiment	 and	 additional	 comparisons	with	 ENCODE	 reported	 datasets	 for	 the	
same	protein	in	different	cell	lines	(see	below).	
	
To	 identify	 the	GABPa	consensus	core	motif,	we	 selected	200	bp	 regions	up	and	




sites	 contributing	 to	 the	PWM	(93%)	were	 located	adjacent	 to	 the	peaks’	 center	





















By	 using	 the	 gene	 annotation	 from	 the	 UCSC	 genome	 browser	 and	 the	 genomic	
coordinates	of	 the	6,208	peaks	 for	GABPa,	we	were	able	 to	 identify	4,277	(69%)	
peaks	located	within	300	bp	up‐	and	downstream	of	the	transcriptional	start	sites	
(TSSs).	 These	 TSS	 correspond	 to	 11,848	 transcripts	 from	 3,994	 putative	 target	
genes	 (Entrez	 IDs).	The	number	of	peaks	mapping	 in	 the	neighborhood	of	genes	
increased	to	5321	(86%),	when	we	extended	the	window	to	±	5	kb	centered	to	the	
TSSs.	 These	 TSS	 correspond	 to	 15,046	 transcripts	 from	 5,218	 putative	 targets	
(Supplementary	 Table	 S11,	 supplementary	 data	 file).	 If	we	 further	 extended	 the	
window	to	±	10	kb,	the	number	of	peaks	mapping	in	the	proximity	of	genes	5,465	
peaks	(88%)	mapping	to	18,730	transcripts	and	corresponding	to	5,784	putative	




































































































also	 detected	 for	 the	 same	 protein	 in	 another	 five	 human	 cell	 lines:	 H1	 human	
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was	 highly	 consistent	 with	 the	 ones	 reported	 in	 the	 ENCODE	 datasets	 for	 the	
aforementioned	mentioned	cell	lines	(Figure	22).	In	addition,	we	also	designed	and	
implemented	 GABPa	 knock‐down	 experiments	 and	 reporter	 gene	 assays	 in	 the	
same	 cell	 line	 (see	 below).	 Taken	 together,	 the	 ChIP‐Seq	 experiments,	 GABPa	


























clades	 to	 detect	 hominini‐	 (Human	 and	 Chimpanzee),	 Homininae‐	 (Homini	 and	
gorilla)	 and	 Hominidae‐	 (Homininae	 and	 Orangutan)	 specific	 GABPa	 CREs.	 We	
obtained	 hominid	 ancestral	 sequences	 for	 10,943	 binding	 sites.	 The	 remaining	
sequences	were	miss‐aligned	(Supplementary	Table	S12,	supplementary	data	file).	





ChIP‐Seq	 peaks,	 we	 identified	 that	 these	 224	 GABP	 binding	 sites	 contained	 219	











KRAB‐ZNFs	 are	 indeed	 significantly	 overrepresented	 among	 genes	with	 human‐
specific	GABPa	binding	sites	in	their	promoters	(p‐value=	0.01,	Fisher’s	exact	test).	
Using	 the	 ancestral	 reconstruction	 results,	 we	 identified	 57	 Hominini‐,	 244	
Homininae‐	and	310	and	Hominid‐specific	binding	sites	(Supplementary	Table	S15,	



























To	 explore	 which	 are	 the	 biological	 and	 molecular	 functions	 of	 those	 genes	
harboring	human‐specific	GABPa	binding	sites,	we	further	performed	enrichment	
tests	 based	 on	 their	 Gene	 Ontology	 annotation	 (GO).	 Several	 GO	 terms	 were	
enriched	for	biological	and	molecular	functions	associated	with	heart	development,	
RNA	 processing	 of	 tRNAs	 and	 mRNAs,	 mammary	 gland	 morphogenesis	 and	
development,	 metabolism	 and	 biosynthesis	 of	 lipids,	 and	 signaling	 pathways	
involved	in	neurological	development	such	as	ventral	spinal	cord	interneuron	and	








two	 independent	 silencing	 molecules	 followed	 by	 genome‐wide	 expression	
profiling	at	two	different	time	points	(at	24	and	72	hours	after	transfection)	(see	
Methods).	For	the	analyses	of	the	effects	of	the	siRNA	on	the	expression	patterns,	
we	 exclusively	 accounted	 genes	 that	 were	 differentially	 expressed	 (DE)	 in	 both	




the	 72h	 time	 point	 (pvalue<0.001)	 (see	 Methods).	 Consequently,	 we	 used	 the	
results	we	obtained	for	the	72h	time	point	for	downstream	analyses	of	DE	genes.	In	
total,	there	were	4,531	genes	with	expression	data	and	harboring	at	least	one	GABPa	
binding	 site	 in	 their	 promoter	 region.	 About	 a	 quarter	 of	 these	 genes	 (1,215)	
presented	 significant	 changes	 in	 expression	 after	GABPa	knock‐down	at	 the	72h	










biogenesis,	 regulation	 of	 lipid	 metabolism,	 protein	 ubiquitination,	 neuron	
projection	development	and	innate	and	adaptive	immune	responses,	among	others,	
were	 significantly	enriched	 (Supplementary	Table	 S19,	 supplementary	data	 file).	
We	additionally	tested	for	GO	enrichment	among	those	genes	that	were	DE,	but	did	
not	harbor	a	GABPa	binding	site	in	their	promoter	region,	since	it	is	likely	they	are	
secondary	 targets	 of	 GABPa	 (2,023	 DE,	 72h	 time	 point,	 see	 methods)	
(Supplementary	 Table	 S18,	 supplementary	 data	 file).	 We	 found	 very	 similar	
enriched	GO	 terms	between	both	groups,	DE	genes	with	ChIP‐Seq	peaks	and	DE	




lipid	 and	 fat	 biosynthesis	 and	 metabolism	 such	 as	 lipoprotein	 transport,	
glycosphingolipid	 metabolic	 process,	 lipid	 biosynthetic	 process,	 fatty	 acid	
transmembrane	transport,	and	regulation	of	fatty	acids,	mitochondrial	biogenesis,	
among	others	(Supplementary	Table	S20,	supplementary	data	file).	We	additionally	




A	 further	 inspection	 of	 genes	 having	 at	 least	 one	 GABPa	 binding	 site	 in	 their	
promoter	region	revealed	13	genes	that	encode	for	subunits	of	the	Cytochrome	c	
oxidase	 (COX)	enzyme	 (COX10,	COX15,	COX16,	COX17,	COX18,	COX4I1,	COX4NB,	
COX5B,	 COX6A1,	 COX6B1,	 COX7A2,	 COX7C,	 COX8A)	 (Supplementary	 Table	 S11,	
supplementary	 data	 file).	 Ten	 of	 them	 showed	 significant	 changes	 in	 expression	
after	 GABPa	 knock‐down	with	 at	 least	 one	 of	 the	 siRNA	molecules.	 Several	 COX	
subunit	 genes	 were	 also	 differentially	 expressed	 besides	 not	 having	 a	 GABPa	
		 83





We	 first	 verified	 if	 genes	 carrying	 newly	 evolved	 GABPa	 binding	 sites	 showed	




sites	 were	 also	 enriched	 among	 the	 genes	 exhibiting	 significant	 changes	 in	
expression	(Fisher’s	Exact	test,	p‐value=	5.79‐10).	Out	of	the	six	human‐	and	great	
ape‐specific	 genes	 carrying	 human‐specific	 binding	 sites,	 four	 (CEP170,	 RPL41,	
GUSBP4,	STAG3L4)	were	found	DE	after	knocking‐down	GABPa	with	at	least	one	of	
the	 siRNA	molecules	 (Supplementary	 Table	 S16,	 supplementary	 data	 file).	 	 This	





human‐specific	 GABPa	 binding	 sites	 share	 common	 disease	 associations	 with	
GABPa.	By	using	the	database	“DisGeNET”	(Piñero	et	al.	2015),	we	identified	17	out	
of	the	52	genes	that	have	been	associated	with	at	least	one	of	the	diseases	GABPa	
has	 been	 associated	 with	 as	 well:	 diabetes	 (PCMT1,	 UGGT2),	 Parkinson	 disease	
(RPL6,	TDP2,	HSPA8)	 and	 breast	 cancer	 (ACOT13,	ANTXR1,	BAG4,	EMG1,	HSPA8,	
NEK7,	 YPEL3,	 ZNF398),	 among	 other	 diseases	 (Supplementary	 Table	 S21,	
supplementary	data	file).		
	
4.2.6.	 Functional	 analysis	 of	 newly	 evolved	 GABPa	 binding	 sites	 using	
reporter	gene	assays	













of	 the	 anthrax	 toxin	 receptor‐1	 gene	 (ANTXR1)	 and	 the	 Transmembrane	 BAX	
Inhibitor	Motif	Containing	6	(TMBIM6)	genes.	The	promoter	region	of	the	human	
ANTXR1	 gene	carries	 three	GABPa	binding	sites,	while	chimpanzee	and	rhesus	 it	
carries	just	two.	In	addition,	this	gene	is	overexpressed	in	HEK293T	cells.	Despite	





binding	 site	 located	 in	 close	 proximity	 to	 the	 hominid‐specific	 binding	 site	 for	







two	 nucleotides	 were	 changed	 in	 the	 human	 binding	 sequence	 to	 simulate	 the	
ancestral	state.	Conversely,	chimpanzee	and	macaques	binding	sites	were	modified	
to	 mimic	 the	 human‐specific	 GABPa	 binding	 sites	 (Figure	 25).	 We	 measured	
expression	changes	for	all	constructs,	enabling	us	to	quantify	the	effects	of	different	
GABPa	binding	sites	on	the	promoter	activity	(Figure	25).	We	detected	significant	
differences	 in	 the	 promoter	 activity	 between	 human	 wt	 promoter	 and	 the	
chimpanzee	and	rhesus	macaque	wt	promoters	for	ZNF197,	and	ZNF398/ZNF425	
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genes	 (Figure	 25).	 In	 the	 case	 of	 the	 bi‐directional	 promoter	 for	 the	 genes	
ZNF398/ZNF425,	 the	 directionality	 had	 a	 cell–specific	 effect	 on	 the	 reporter	
activities.	The	wt	promoters,	for	all	three	species,	exhibited	significant	differences	
in	direction	ZNF398	in	activity	in	COS‐1	cells	and	ZNF425	in	HEK293T	cells	(Figure	
25).	 The	 insertion	 of	 one	 nucleotide	mutation	 into	 the	 chimpanzee’s	 and	 rhesus	
macaque’s	ZNF197	binding	sites	to	recreate	the	human	version	yield	a	significant	
increase	in	the	promoter	activity	in	both	cell	lines.	However,	the	modification	of	the	
human	 ZNF197	 wt	 promoter	 into	 the	 ancestral	 state	 did	 not	 cause	 significant	
changes	in	the	promoter	activity	
	










This	 suggests	 that	 the	 sequence	 around	 the	 core‐binding	 motif	 might	 also	
contribute	 to	 maintain	 the	 promoter	 activity.	 Likewise,	 the	 introduction	 of	 the	
human‐specific	 GABPa	 binding	 site	 in	 the	 wt	 promoter	 of	 ZNF398/ZNF425	 for	
chimpanzee	and	rhesus	macaque	resulted	in	a	significant	increase	in	the	activity	in	







and	 rhesus	macaque.	 Interestingly,	 the	promoter	 activity	of	 the	hominid‐specific	
GABPa	binding	site,	promoter	TMBIM6,	was	higher	in	humans	when	compared	with	















each	 gene.	 HSA:	 Homo	 sapiens,	 PTR:	 Pan	 troglodytes	 (chimpanzee)	 and	 MAC:	Macacca	mulatta	
		 87
(rhesus	 macaque).	 wt	 and	 mut	 correspond	 to	 wild	 type	 and	 mutated	 sequences	 respectively.	
Underlined	bases	indicate	differences	from	the	human	wt	sequence.	In	green	mutated	bases	and	red	
generated	or	disrupted	of	GABPa	binding	site,	respectively.	Increase	or	decrease	in	reporter	activity	
are	 represented	 by	 green	 or	 red	 arrows,	 respectively.	 Yellow	 arrows	 represent	 no	 change.	
Significance	levels,	as	determined	by	Welch’s	t‐test	for	unequal	variances,	are	indicated	as	(*)	p‐value	














protein	 regulates	 a	 considerable	number	 of	 human	 genes.	 In	 total,	we	 identified	
GABPa	binding	sites	located	in	the	promoter	region	of	5,321	genes,	from	which	217	
have	a	newly	evolved	binding	site	in	humans.	By	using	expression	data	from	siRNA	




of	 potential	 primary	 targets	 of	 GABPa.	 Taken	 together,	 our	 results	 suggest	 that	
GABPa	is	involved	in	regulating	the	expression	of	genes	that	have	relevant	functions	











of	 the	 11,008	 human‐macaque	 alignments	 of	 11	 bp	 each,	 24	 nucleotides	 were	
ambiguously	aligned.	However,	 a	majority	of	 the	suspicious	alignments	occur	on	
intronic	and	intergenic	regions	(Prakash	and	Tompa	2007),	which	also	suggests	that	
the	 fraction	 of	 problematic	 alignments	 is	 likely	 to	 be	 smaller	 in	 our	 results.	 In	
addition,	 genic	 promoter	 regions	 are	 highly	 conserved	 in	 mammals	 and	 other	
vertebrates	(Mahony	et	al.	2007).	In	this	sense,	a	preponderant	number	of	GABPa	
binding	 sites	 were	 located	 in	 the	 close	 proximity	 of	 the	 TSSs,	 300	 bp	 up‐	 and	
downstream,	which	also	suggest	higher	accuracy	in	the	alignments.	
	
To	 further	 validate	 if	 the	 GABPa	 binding	 sites	 we	 found	 are	 functional,	 we	
experimentally	validated	the	regulatory	roles	of	four	of	them,	three	carrying	newly	
evolved	GABPa	human	binding	 sites,	 and	one	hominoid	 specific	one.	We	applied	
dual	 reporter	 gene	 assays	 for	 human,	 chimpanzee	 and	 macaque	 promoters	 in	
human	HEK293T	and	African	green	monkey‐derived	COS‐1	cell.	For	both	species‐
specific	 cellular	 backgrounds	 the	 reporter	 activity	 was	 similar,	 thus	 suggesting	
independence	of	the	cell	line	species	type.	This	indicates	that	promoter	activity	of	




the	 promoter	 region	 of	 ANTXR1	 and	 ZNF197	 for	 chimpanzee	 and	 macaque	
predominantly	 resulted	 in	 significant	 increases	 in	 the	 reporter	 gene	 expression,	
while	the	disruption	of	the	newly	evolved	binding	site	in	human	did	not	result	in	a	











































This	 group	 of	 genes	 has	 been	 associated	 with	 important	 biological	 process,	
including	regulatory	functions	at	brain	and	developmental	level	(Najmabadi	et	al.	
2011;	 Zhang	 et	 al.	 2011),	 thus	 becoming	 excellent	 candidates	 for	 studying	 their	








cord	 interneuron	 and	 spinal	 cord	 motor	 neuron	 cell	 fate	 specification	 and	
dorsal/ventral	neural	 tube	patterning	(Supplementary	Table	S17,	supplementary	
data	 file).	 As	 an	 example,	 DARS	 and	 PARS2	 genes	 carry	 human‐specific	 GABPs	
binding	sites	in	their	promoter	regions,	and	both	were	DE	after	GABPa	knock‐down.	
These	 two	 genes	 encode	 for	 aminoacyl	 tRNA	 synthetases	 (aspartyl‐	 and	 prolyl‐









GABPa	 expression	 could	 be	 associated	with	 progression	 deterioration	 of	 certain	
areas	of	the	brain.	
	




a	 hominid‐specific	 GABPa	 binding	 site	 and	 was	 tested	 in	 our	 reporter	 assays	
experiment,	have	been	 linked	 to	 the	presence	of	medical	disabilities	at	 cognitive	
level,	for	instance,	Alzheimer’s	disease	(Harris	et	al.	2007;	Kumar	et	al.	2009)	and	
Parkinson’s	diseases	(Naidoo	2009;	Lauterbach	2013),	neocortical	regionalization	





enzyme	 that	 plays	 essential	 roles	 in	 controlling	 oxidative	 phosphorylation	 in	
eukaryotes	 (Li	 et	 al.	 2006).	 Dysfunctional	 activity	 of	 the	 COX	 enzyme	 has	 been	
associated	 with	 mitochondrial	 defects	 in	 humans	 (Barrientos	 et	 al.	 2002).	 In	
correspondence	 with	 previous	 studies,	 our	 findings	 suggest	 that	 expression	





GABPa	 has	 been	 linked	 to.	 Decrease	 in	 the	 expression	 levels	 of	 protein‐L‐
isoaspartate	 (D‐aspartate)	 O‐methyltransferase	 (PCMT1),	 UDP‐glucose	
glycoprotein	 glucosyl‐transferase	 2	 (UGGT2)	 and	 TMBIM6,	 have	 been	 linked	 to	
diabetes	types	I	and	II.	Expression	levels	of	PCMT1,	a	gene	that	encode	for	a	repair	
enzyme,	 seem	 to	 hamper	 the	 development	 and	 acuteness	 of	 diabetes	 type	 we	
(Wägner	et	al.	2007;	Wägner	et	al.	2008).	Similarly,	UGGT2,	which	encodes	 for	a	
protein	of	the	endoplasmic	reticulum	(ER)	that	regulates	protein	transport	out	of	
the	ER,	was	 significantly	down	 regulated	 in	patients	 afflicted	by	diabetes	 type	 II	
when	 compared	 to	 non‐diabetics	 (Marchetti	 et	 al.	 2007).	 We	 also	 detected	
enrichment	for	processes	associated	with	the	appearance	and	frequency	of	other	
metabolic	 disorders.	 For	 instance,	 triglyceride	 biosynthesis	 and	 cholesterol	
transport,	 both	processes	 being	 linked	 to	 usually	 high	blood	 sugar	 levels.	 Taken	
together,	we	suggest	that	newly	evolved	GABPa	binding	sites	might	be	introducing	





in	 controlling	 breast	 epithelial	 cell	 migration	 (Odrowaz	 and	 Sharrocks	 2012).	
Noteworthy,	we	found	that	genes	carrying	newly	evolved	GABPs	binding	sites	are	
enriched	for	processes	associated	with	cell	epithelial	and	endothelial	migration,	and	
mammary	gland	development.	For	 instance,	we	 found	 that	 the	Prohibitin	2	gene	
(PHB2),	 also	 known	 as	 Repressor	 of	 Estrogen	 Receptor	 Activity	 (REA),	 carries	 a	
GABPa	binding	site	26	bp	downstream	of	its	TSS.	This	gene	is	essential	for	mammary	









comparative	 genomics,	 followed	 by	 experimental	 validation	 of	 human‐specific	
GABPa	binding	sites,	we	identified	and	verified	the	functionality	of	newly	evolved	
GABPa	 binding	 sites.	 Our	 contributions	 portray	 a	 scenario	 that	 bridges	
transcriptional	regulation	by	GABPa	with	the	evolution	of	particular	human	traits	
and	 speciation.	These	human‐specific	phenotypes	 include	brain	 functions,	breast	
morphology,	 and	 metabolic	 pathways	 among	 others.	 The	 integrative	 strategy	














α	 (H‐180X,	 Santa	 Cruz	 Biotechnology	 sc‐22810)	 and	 70	 µl	 Protein	 G‐Dynabeads	
(Invitrogen).	 After	washing	 of	 beads,	we	 eluted	 the	 protein‐DNA	 complexes,	 the	
crosslinks	were	 reversed	 overnight,	 and	 the	 DNA	was	 purified	 according	 to	 the	
manufacturer’s	 protocol.	 For	 sequencing	 library	 preparation,	 we	 subjected	 2	 ng	
ChIP	DNA	and	10	ng	Input	DNA	to	end‐repair,	addition	of	adenine	bases	and	ligation	




GABPa	 ChIP	 reads	 uniquely	 mapped	 (allowing	 up	 to	 two	 mismatches)	 and	
2,948,346	 corresponding	 reads	 from	 the	 input	 DNA.	 A	 replicate	 ChIP‐seq	





Valouev	 (2008).	 We	 used	 the	 peak‐calling	 package	 Quantitative	 Enrichment	 of	
Sequence	Tags	(QuEST)	to	identify	genomic	regions	with	high	density	read	coverage	
(peaks)	within	the	6.96	million	mapped	reads	from	GABPa	ChIP‐Seq.	 In	total,	we	
found	6,208	genomic	peaks	 for	GABPa	 (Supplementary	Table	 S8,	 supplementary	
data	 file).	 Analysis	 of	 the	 replicate	 ChIP‐Seq	 experiment	with	 16.8	million	 reads	
resulted	in	8,311	GABPa	peaks	that	were	used	for	determining	the	overlap	between	
both	 replicates,	 and	 for	 calculating	 the	 irreproducible	 discovery	 rate	 (IDR)	 as	
described	before	(Landt	et	al.	2012).	Using	the	6,208	peaks	obtained	for	the	first	
replicate	 and	 the	 UCSC	 annotation	 for	 82,961	 known	 transcripts	 for	 the	 human	
genome,	we	assigned	peaks	to	the	nearest	TSS	(±5	kb	of	the	transcripts)	(Karolchik	
et	 al.	 2014).	 Transcript	 IDs	 were	 converted	 to	 Entrez	 gene	 IDs	 using	 UCSC’s	
knownToLocusLink	table.	Out	of	all	the	peaks,	1,116	mapped	to	UCSC	transcripts	

















browser,	we	 retrieved	 the	 alignments	 corresponding	 to	 the	GABPa	binding	 sites	
within	 the	 ChIP	 peak	 regions.	 The	 genome	 alignments	 consists	 of	 1‐200	 bp	 of	
multiple	 sequence	 alignments	 that	 can	 be	 concatenated.	 We	 then	 converted	
multiple	alignment	formatted	alignments	into	FASTA	format,	and	excluded	the	non‐
syntenic	blocks	and	species	with	missing	sequence	data.	For	instance,	the	insertions	




For	 determining	 the	 ancestral	 sequences	 we	 used	 the	 program	 ANCESTORS	
(Blanchette	et	al.	2004).		This	program	allows,	among	other	features,	to	rebuild	the	
most	likely	scenario	of	insertions	and	deletions	within	the	sequence	alignment.	It	
also	 takes	 care	 of	 preserving	 high	 accuracy	 in	 the	 sequence	 alignment.	 To	 use	
ANCESTORS,	we	first	input	the	information	from	the	multiple	sequence	alignment	
and	the	phylogenetic	 tree,	which	already	included	the	branch	 lengths.	Phylogeny	















mutations	 by	 using	 primer‐mediated	 mutagenesis.	 To	 facilitate	 cloning,	 we	
amplified	the	Gateway	cloning	cassette	(Invitrogen)	with	the	forward	primer	attP1	
and	the	reverse	primer	attP2	and	cloned	into	the	pGL3	reporter	vector	(Promega).	
We	purified	 the	PCR	products	and	cloned	upstream	of	 the	 luciferase	gene	 in	 the	
modified	pGL3	vector	using	BP	Clonase	II	Enzyme	Mix	(Invitrogen)	following	the	
manufacturer’s	 instructions.	We	 transformed	 the	 plasmids	 into	 the	methylation‐
deficient	Dam–	E.	coli	 strain	GM2929.	We	validated	 the	 inserts	of	positive	clones	
using	capillary	Sanger	sequencing	(Services	in	Molecular	Biology,	Berlin,	Germany).	
The	 concentration	 of	DNA	was	measured	 on	 a	Nanodrop	UV	 spectrophotometer	
(NanoDrop	Technologies)	and	standardized	to	50	ng/µL	for	transfections.	
	
4.5.6.	 Cell	 culture,	 transient	 transfection,	 and	 reporter	 gene	 activity	
assays	
Reporter	 genes	 are	 frequently	 used	 to	 measure	 gene	 expression	 and	molecular	
processes	coupled	to	changes	in	gene	expression.	In	this	method,	the	reporter	gene	
is	cloned	together	with	the	DNA	sequence	of	interest,	in	this	case,	with	the	CREs	of	
GABPa,	 and	 then	 transfected	 into	 cells.	 Subsequently,	 cells	 are	 assayed	 for	 the	
activity	of	the	reporter	gene	by	directly	measuring	the	reporter	expression	itself.	In	
our	 experiments,	 the	 HEK293T	 and	 COS‐1	 cells	 were	 cultivated	 in	 Dulbecco's	




1)	 cells	 per	 well	 in	 clear‐bottom	 96‐well	 plates	 (Costar).	 We	 co‐transfected	 co‐
transfected	 150	 ng	 of	 experimental	 firefly	 luciferase	 plasmid	 twenty‐four	 hours	




We	measured	 firefly	 luciferase	 and	Renilla	 luciferase	 activities	 using	 the	 Centro	
LB960	luminometer	(Berthold)	and	the	Dual	Luciferase	Kit	(Promega).	We	followed	
the	protocol	suggested	by	 the	manufacturer	with	 the	exception	of	 injecting	25	µl	
each	 of	 the	 firefly	 luciferase	 and	 Renilla	 luciferase	 substrate	 reagents.	 All	
measurements	 were	 performed	 at	 least	 in	 three	 technical	 and	 two	 biological	




GABPa	 knock‐down	 experiments	were	 performed	 using	 two	 independent	 siRNA	
molecules,	 specifically	 one	 unmodified	 synthetic	 small	 interfering	 RNA	 (Qiagen	
SI00423311)	 and	 one	 chemically	 modified	 synthetic	 small	 interfering	 RNA	
(Invitrogen	HSS103907).	We	seeded	HEK293T	cells	in	12‐well	plates	together	with	
siRNA‐HiPerFect	 complexes	 according	 to	 the	 HiPerFect	 fast	 forward	 protocol	
(Qiagen).	For	the	mock	transfections,	we	treated	the	cells	with	HiPerFect	reagent	
only.	 We	 performed	 knock‐down	 transfections	 in	 triplicates,	 and	 mock	
transfections	were	performed	in	quadruplicates.	We	extracted	the	total	RNA	from	
cultured	cells	at	24h	and	72h	post‐transfection	using	the	RNeasy	mini	kit	(Qiagen)	
following	 the	manufacturer’s	 instructions.	 All	 RNA	 samples	were	DNase‐treated,	
purified,	quantified,	and	inspected	for	integrity.	For	hybridizations	on	microarrays,	
biotinylated	cRNA	was	synthesized	using	the	GeneChip	expression	3'	amplification	
one‐cycle	 target	 labeling	 and	 control	 reagents	 (Affymetrix).	 Following	 integrity	
control,	we	hybridized	the	cRNA	to	the	Affymetrix	GeneChip	HG‐U133Plus2.	Then	






values	 for	each	probe	set	 (Bolstad	et	al.	2003),	 included	 those	probe	sets	with	a	




(24	 and	 72	 hours),	 we	 used	 the	 package	 “multtest”	 (Pollard	 et	 al.	 2005)	 from	













and	 siRNA	knock‐down	experiments	 (72	hours	 time	point),	we	performed	 three	
independent	GO	enrichment	analyzes,	one	per	gene	list,	to	functionally	characterize	
these	groups	of	genes.	To	do	so,	we	used	the	hypergeometric	test	implemented	in	
FUNC	 (Prüfer	 et	 al.	 2007).	 	With	 the	 first	 GO	 enrichment	 analysis	 we	 aimed	 to	
functionally	characterize	the	217	genes	that	harbor	human‐specific	GABPa	CREs	by	
comparing	them	with	the	whole	set	of	genes	that	have	at	least	one	GABPa	binding	
site	 in	 their	 promoter	 region	 (TSS	 ±	 5	 kb)	 (Supplementary	Tables	 S14	 and	 S17,	
supplementary	 data	 files).	 In	 the	 second	 GO	 enrichment	 analysis	 we	 tested	 for	
enrichment	of	GO	groups	among	the	genes	that	have	at	least	one	GABPa	CRE	in	their	
promoter	 regions	 and	 that	were	DE	 after	 GABPa	 knock‐down	 experiments	with	
both	 silencing	molecules	 (Qiagen:	 SI00423311	 and	 Invitrogen:	 HSS103907).	We	
compared	this	set	of	GO	groups	against	the	set	of	DE	genes	that	do	not	have	ChIP‐
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and	 thus,	 define	 phenotypical	 differences	 between	 and	 within	 species	 still	






changes	 that	have	occurred	since	humans	split	 from	their	 last	 common	ancestor	
with	 chimpanzee,	we	were	able	 to	portray	how	changes	 in	GRF	genes	may	have	
contributed	 to	 the	 appearance	 of	 new	 functions	 and	 thus,	 new	 species‐specific	
traits.	In	addition,	by	identifying	human‐specific	cis‐regulatory	elements	for	the	GRF	
protein	GABPa,	we	also	suggested	how	newly	evolved	genomic	regions	might	have	





individuals	 and	 populations	 within	 species.	 It	 is	 expected	 that	 slight	 molecular	
changes	 that	 result	 in	 a	 functional	 improvement	 of	 an	 individual’s	 fitness,	 will	
increase	in	frequency	at	population	level	due	to	positive	selection.	In	humans,	such	
changes	may	have	significantly	contributed	to	human	adaptation	while	expanding	
to	 colonize	 different	 latitudes.	 By	 exploring	 data	 from	 genome‐wide	 scans	 for	
detecting	positive	 selection,	we	draw	several	 scenarios	 in	which	 changes	 in	GRF	
sequences	 may	 have	 led	 to	 adaptive	 responses	 at	 population‐specific	 level	 in	
humans.	Our	results	suggest	that	at	least	six	of	the	larger	classes	of	GRF	genes	may	
have	differentially	contributed	to	the	diversification	of	the	human	regulome	during	
the	 Out	 of	 Africa	 human	 expansion	 by	 slight	 changes	 in	 DNA	 sequences.	 For	
instance,	 we	 found	 that	 the	 C2H2‐ZNF	 GRF	 class,	 including	 KRAB‐ZNF	 genes,	
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displays	 an	 enrichment	 of	 genes	 in	 regions	 exhibiting	 signatures	 of	 positive	
selection	at	population	specific	level.	Further	exploration	allowed	us	to	detect	that	
several	C2H2‐ZNFs	are	located	in	regions	with	reduced	haplotype	heterozygosity	
and	 contain	 many	 mutations	 causing	 nonsynonymous	 changes	 in	 their	 coding	
regions.	Despite	the	number	of	amino	acid	changes	in	the	GRF’s	protein	domains	
was	 rather	 small,	 we	 suggest	 that	 such	 changes	 could	 explain	 subtle	 regulatory	




expression	 is	 fine‐tuned	 within	 and	 between	 species	 becomes	 essential	 to	
understand	 how	 phenotypical	 differences	 and	 human‐specific	 traits	 have	 been	
shaped	 during	 human	 evolution.	 While	 it	 is	 widely	 acknowledged	 that	 genetic	
variation	 in	 cis‐regulatory	 elements	 has	 played	 a	 key	 role	 in	 the	 evolution	 and	
diversification	of	humans,	we	think	that	changes	in	GRF	genes	have	also	significantly	
























































































































































POGZ,MCM6, PCGF1, KCNH7, RFX5 *
ACTR5, ADNP2, ANKRD45, PAWR, HIPK1, HIRA, RRN3, RNF135, 
SIN3A, SLC30A9, USF1, TAX1BP3, ZBTB41, EBF1, KCNIP4, 
NCOA1
*
ASXL2, FMNL2, FOXP1, LHX8, PAPOLA, CHD2, TERF2IP * *
DPF1 *  £
HIF1A, SNAPC1  £ *  £  £  £
ZMYM6 *¥ 
WWOX *¥£  £
CTNND2 ¥ 
BMI1, NFE2L2 ¥ ¥ ¥ 
AFF2, BBX ¥ ¥ 
FBN1, MYEF2 ¥ £  £  £
APC  £  £  £  £
KCNH5, PHF19  £  £  £  £
ERBB4  £  £  £  £  £
RFX3  £  £  £
RGS9  £  £  £
RHOA
SETBP1  £  £  £  £  £
ARIH2
ATF6  £  £
CIITA  £  £
CLOCK
DUSP12, FOXE1, TRIM14  £
HEY2  £  £  £
HSF2  £
NCOA7  £  £  £
POLR2K  £  £























1 chr1:247099483‐247339322 240 4 4 5
2 chr3:40383122‐40692996 310 3 3 6
3 chr3:44448334‐44848334 400 7 8 9
4 chr4:39541‐483540 444 4 5 8
5 chr5:178285305‐178462544 177 4 5 5
6 chr6:28040489‐28430489 390 10 16 17
7 chr7:63499554‐64463192 964 9 9 10
8 chr7:99049770‐99236476 187 5 5 9
9 chr7:148669510‐149580510 911 11 13 20
10 chr8:145945215‐146215827 271 6 6 8
11 chr10:38050199‐38512208 462 4 4 4
12 chr12:133481895‐133851895 370 4 5 8
13 chr16:3259999‐3509999 250 6 8 12
14 chr16:30311000‐31175239 250 12 17 43
15 chr18:32806333‐32980333 174 5 5 5
16 chr19:2805474‐2965474 160 5 5 5
17 chr19:9239000‐9889000 650 13 13 16
18 chr19:11569273‐12519495 950 17 20 23
19 chr19:19639000‐24314329 4675 41 44 79
20 chr19:35156419‐35458419 302 5 5 5
21 chr19:36640679‐38318696 1678 29 30 31
22 chr19:44008483‐45018484 1010 21 24 24
23 chr19:52350013‐54088308 1738 37 44 50
24 chr19:55978188‐56158188 180 5 9 12
25 chr19:56568969‐57378969 810 12 17 19
All genes
KRAB‐ZNF clusters 





genes in the 
cluster




Supplementary	 Table	 S6.	 Nonsynonymous	 alleles	 located	 on	 the	 coding	 region	 of	 genes	 located	
















rs140747159 T C T 2.21
rs2642993 T G T 2.22
rs117437844 C T C 2.21
rs55762230 C T C 2.22
rs2642992 A G G 1.91
rs34437520 C T C 1.6
rs2034476 C G G 1.73
rs148794995 G C G 3.17
rs2272044 C G C 3.41
rs191633770 T C T 3.2
rs184925516 C T C 2.09
rs144183945 A G a 2.20
rs8046978 G A G 1.74 ZNF668
rs749670 A G A 1.64
rs77579502 G A G 1.63
rs35041466 A G A 1.64
rs141631516 C T C 1.66
rs78522165 G A G 1.71
rs75586809 C T C 1.67
rs149125224 T A T 1.65
rs147316630 C A C 1.67
rs35713203 G C G 1.52
rs113926102 C T C 1.83
rs35376811 C T C 1.88
rs188200157 A C A 1.85
rs3751856 G A G 1.82
rs7196726 G A G 1.62
rs7199949 G C C 1.46
rs188342896 G A G 1.74
rs11150606 T C T 1.34
rs191369353 T C T 3.96
rs138110276 C A C 3.86
rs17855606 A G a 2.6 MYST1
rs142789229 C T C 3.31 PRSS8
rs117442264 C T C 2.16
rs145749002 G A G 2.13




























The following list Excel spreadsheets correspond the supplementary material that was cited in the in text 
and that could not be included within the main document. 
 
Supplementary Table S1.xlsx (Catalog of gene regulatory factors) 
Supplementary Table S3.xlsx (List of GO terms that were used for identifying gene regulatory factors) 
Supplementary Table S4.xlsx (Workbook containing information about candidate GRF genes for  
             positive selection. 
Supplementary Table S7.xlsx (GRF evolutionary branch assignment) 
Supplementary Table S8.xlsx (Genomic peaks found after performing ChIP-Seq experiments with a  
           GABPa specific antibody in HEK293T cells) 
Supplementary Table S9.xlsx (Distance of the de novo motif discovery algorithm MEME identified  
                         sites from Chip-Seq peak middlepoints) 
Supplementary Table S10.xlsx (11,619 PWM hits in 5,797 peak regions of 200 bp found by using the  
           motif alignment and scan tool MAST) 
Supplementary Table S11.xlsx (Genomic peak mapping to UCSC transcripts and entrez Ids) 
Supplementary Table S12.xlsx (11008 alignments obtained after performing multiple species  
            alignments from the UCSC MultiZ 44 vertebrate alignments) 
Supplementary Table S13.xlsx (GABPa binding sites ancestral sequences reconstruction)  
Supplementary Table S14.xlsx (217 Genes mapping ± 5kb around Human specific GABPa  
           binding sites) 
Supplementary Table S15.xlsx (Hominini-, Homininae- and Hominid-specific GABPa binding sites) 
Supplementary Table S16.xlsx (Genes harbouring Hominini-, Homininae- and Hominid-specific  
             GABPa binding sites in their promoter regions) 
Supplementary Table S17.xlsx (Gene ontology enrichment analysis for genes located ± 5 kb around   
             Human specific GABPa TFBS. All the other genes located around  ±5 kb ChIP-Seq  
             GABPa peaks were used as background set) 
Supplementary Table S18.xlsx (Deferentially expressed genes after GABPa knock-down  
            (72h treatment)). 
Supplementary Table S19.xlsx (Gene ontology enrichment analyses for 1280 deferentially expressed  
             genes having at least one GABPa binding site in our ChIP-Seq data) 
Supplementary Table S20.xlsx (Gene ontology enrichment analyses for 1934 deferentially expressed  
             genes without GABPa binding site in our ChIP-Seq data) 
Supplementary Table S21.xlsx (Disease associations for genes with a human specifc GABPa binding  
             site that changed in expression after GABPa knock down. Information sourced from     













































higher	 on	 the	 upper	 5%	 tail	 of	 the	 distribution.	 Regions	 larger	 than	 10	 kb	 in	 the	 three	 human	
populations	are	shown.	(a)	CEU	versus	CHB	(left	panel)	and	YRI	(right	panel).	(b)	CHB	versus	CEU	
(left	panel)	and	YRI	(right	panel).	 (c)	YRI	versus	CEU	(left	panel)	and	CHB	(right	panel).	XP‐EHH	




YRI versus CHB YRI versus CEU 
CEU versus YRI  CEU versus CHB 







Figure	 supplementary	 S2.	 XP‐EHH	 rank	 scores	 indicating	 the	 presence	 of	 EHH	 in	 the	KRAB‐ZNF	
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